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Preface

Soybean is the most important oilseed and livestock feed crop in the world, accounting for
58% of total world oilseed production and 69% of protein meal consumption by livestock.
These dual uses are attributed to the crop’s high protein content (nearly 40% of seed weight)
and oil content (approximately 20%); characteristics that are not rivaled by any other agro‐
nomic crop. Besides its use as a high-protein livestock and poultry feed, and oilseed crop
(used in margarines, cooking oils, and baked and fried food products), soybean has various
other industrial uses such as biodiesel, fatty acids, plastics, coatings, lubricants, and hy‐
draulic fluids. In Asian countries such as China, Japan and Indonesia, the whole seed is di‐
rectly consumed as human food; or it is incorporated into human food items such as tofu,
tempeh, soy milk, soy cheese, or other products. Soybean consumption as human food is in‐
creasing outside of Asia. Recently, health benefits for soybean have been recognized for
heart disease, cancer, osteoporosis, and menopause. The American Heart Association rec‐
ommends daily human consumption of 25 mg of soybean to help prevent heart and circula‐
tory diseases.
In 2010, 258.4 million metric tons of soybean were produced in the world, having a value of
$111 billion. Over 80% of the world’s soybeans are produced in three countries: the USA,
Brazil, and Argentina. These three countries are also the main exporters of soybean to the
world market. Major importing countries are China, Japan, the European Union, and Mexi‐
co. A testimony to the increasing importance of soybean on the world agricultural stage is in
the stunning growth of production shown by Argentina and Brazil over the last 25 years.
Between 1986 and 2010, the production has risen from 17.3 to 70 million metric tons in Brazil
(a four-fold increase) and from 7 to 49.5 million metric tons in Argentina (a seven-fold in‐
crease). Both countries have demonstrated to the world how an organized effort of research,
education and extension can create an entire industry around production and use of an agri‐
cultural commodity.
Against the backdrop of soybean’s striking ascendancy is the increased research interest in
the crop throughout the world. The objective of this book is to provide readers with a view
of the high quality of soybean research being conducted in so many different parts of the
world. With all the dissension and rancor in the world (wars, terrorism, financial panic, etc.)
it is truly heartening to see the efforts being made to create a greater understanding of soy‐
bean in so many diverse parts of the world. Such efforts will go a long way to meeting in‐
creased demand for soybeans; a demand driven by increased world population and rising
living standards. Because expansion of agricultural land to meet this demand is limited, the
only way to meet increased world demand for soybean is by greater production per area of
currently available land. This is why research, such as that contained in this book, is so vital
for future soybean production.
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Chapter 1

A Proteomics Approach to Study Soybean and
Its Symbiont Bradyrhizobium japonicum –A Review

Sowmyalakshmi Subramanian and Donald L. Smith

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53728

1. Introduction

Soil is a dynamic environment due to fluctuations in climatic conditions that affect pH, tem‐
perature, water and nutrient availability. These factors, along with agricultural management
practices, affect the soil micro-flora health and the capacity for effective plant-microbe inter‐
actions. Despite these constant changes, soil constitutes one of the most productive of earth’s
ecospheres and is a hub for evolutionary and other adaptive activities.

1.1. Biological nitrogen fixation

Biological nitrogen fixation (BNF) is one of the most important phenomena occurring in na‐
ture, only exceeded by photosynthesis [1,2]. One of the most common limiting factors in plant
growth is the availability of nitrogen [3]. Although 4/5ths of earth’s atmosphere is comprised of
nitrogen, the ability to utilize atmospheric nitrogen is restricted to a few groups of prokaryotes
that are able to covert atmospheric nitrogen to ammonia and, in the case of the legume symbio‐
sis, make some of this available to plants. Predominantly, members of the plant family Legumi‐
nosae have evolved with nitrogen fixing bacteria from the family Rhizobiaceae. In summary,
the plants excrete specific chemical signals to attract the nitrogen fixing bacteria towards their
roots. They also give the bacteria access to their roots, allowing them to colonize and reside in
the root nodules,  where the modified bacteria (bacteroids) can perform nitrogen fixation
[1,4,5]. This process is of great interest to scientists in general, and agriculture specifically, since
this highly complex recognition and elicitation is co-ordinated through gene expression and
cellular differentiation, followed by plant growth and development; it has the potential to min‐
imize the use of artificial nitrogen fertilizers and pesticides in crop management. This biologi‐
cal nitrogen fixation process is complex, but has been best examined in some detail in the
context of soybean-Bradyrhizobium plant-microbe interactions.

© 2013 Subramanian and Smith; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Subramanian and Smith; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1.2. Soybean – The plant

Soybean (Glycine max (L.) Merrill) is a globally important commercial crop, grown mainly
for its protein, oil and nutraceutical contents. The seeds of this legume are 40% protein and
20% oil. Each year soybean provides more protein and vegetable oil than any other cultivat‐
ed crop in the world.

Soybean originated in China, where it has been under cultivation for more than 5000 years [6].
The annual wild soybean (G. soja) and the current cultivated soybean (G. max) can be found
growing in China, Japan, Korea and the far east of Russia, with the richest diversity and broad‐
est distribution in China, where extensive germplasms are available. The National Gene Bank
at the Institute of Crop Germplasm Resources, part of Chinese Academy of Agriculture Scien‐
ces (ICGR-CAAS), Beijing, contains close to 24,000 soybean accessions, including wild soybean
types. Soybean was introduced into North America during the 18th century, but intense cultiva‐
tion started in the 1940s – 1950s and now North America is the world’s largest producer of soy‐
bean [7,8]. Although grown worldwide for its protein and oil, high value added products such
as plant functional nutraceuticals, including phospholipids, saponins, isoflavones, oligosac‐
charides and edible fibre, have gained importance in the last decade. Interestingly, while genis‐
tein and diadzein are signal molecules involved in the root nodulation process, the same
compounds can attenuate osteoporosis in post-menopausal women. The other isoflavones
have anti-cancer, anti-oxidant, positive cardiovascular and cerebrovascular effects [9]. More
recently soybean oil has also been used as an oil source for biodiesel [10-14].

Table 1 provides the latest statistics on soybean cultivation and production as available at
FAOSTAT [15]

World Africa Americas Asia Europe Oceania Canada

Area harvested

(Ha)
102,386,923 1,090,708 78,811,779 19,713,738 2,739,398 31,300 1,476,800

Yield (Hg/Ha) 25,548 13,309 28,864 14,100 17,491 19,042 29,424

Production

(Tonnes)
261,578,498 1,451,646 227,480,272 27,795,578 4,791,402 59,600 4,345,300

Seeds (Tonnes) 6,983,352 43,283 4,838,633 1,906,313 193,870 1,252 154,300

Soybean oil

(Tonnes)
39,761,852 390,660 24,028,558 12,442,496 2,890,760 9,377 241,300

Table 1. Soybean production statistics (FAOSTAT 2010)

Soybean is a well-known nitrogen fixer and has been a model plant for the study of BNF. Its
importance in BNF led to the genome sequencing of soybean; details of the soybean genome
are available at soybase.org (G. max and G. soja sequences are available at NCBI as well). Al‐
though considerable work has been conducted on other legumes with respect to biological
nitrogen fixation, we focus only on soybean for this review.
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The efficiency of BNF depends on climatic factors such as temperature and photoperiod
[16]; the effectiveness of a given soybean cultivar in fixing atmospheric nitrogen depends on
the interaction between the cultivar’s genome and conditions such as soil moisture and soil
nutrient availability [17,18]; and the competitiveness of the bacterial strains available, rela‐
tive to indigenous and less effective strains, plus the amount and type of inoculants applied,
and interactions with other, possibly antagonistic, agrochemicals that are used in crop pro‐
tection [19]. The most important criteria, however, is the selection of an appropriate strain of
B. japonicum since specific strains can be very specific to soybean cultivar, and subject to in‐
fluence by specific edaphic factors [20,21,22]. Under most conditions, soybean meets 50-60%
of its nitrogen demand through BNF, but it can provide 100% from this source [23].

1.3. Bradyrhizobium japonicum

B. japonicum, is a gram negative, rod shaped nitrogen fixing member of the rhizobia and is
an N2-fixing symbiont of soybean. B. japonicum strain USDA110, was originally isolated
from soybean nodules in Florida, USA, in 1957 and has been widely used for the purpose of
molecular genetics, physiology, and ecology, owing to its superior symbiotic nitrogen fixa‐
tion activity with soybean, relative to other evaluated strains. The genome sequence of this
strain has been determined; the bacterial genome is circular, 9.11 Million bp long and con‐
tains approximately 8373 predicted genes, with an average GC content of 64.1% [24,25].

Initially attached to the root-hair tips of soybean plants, rhizobia colonize within the roots
and are eventually localized within symbiosomes, surrounded by plant membrane. This
symbiotic relationship provides a safe niche and a constant carbon source for the bacteria
while the plant derives the benefits of bacterial nitrogen fixation, which allows for the use of
readily available nitrogen for plant growth. Inoculation of soybean with B. japonicum often
increases seed yield [eg. 26].

B. japonicum synthesize a wide array of carbohydrates, such as lipopolysaccharides, capsular
polysaccharides, exopolysaccharides (EPS), nodule polysaccharides, lipo-chitin oligosac‐
charides, and cyclic glucans, all of which play a role in the BNF symbiosis. Bacteria produce
polysaccharide degrading enzymes, such as polygalacturonase and carboxymethylcellulase,
cleave glycosidic bonds of the host cell wall at areas where bacteria are concentrated, creat‐
ing erosion pits in the epidermal layer of the roots, allowing the bacteria gain entry to the
roots [27]. The energy source for B. japonicum is the sugar trehalose, which is taken up readi‐
ly and converted to CO2 [28,29,30,31]. On the other hand UDP-glucose is taken up in large
quantities but metabolized slowly, like sucrose and glucose. Promotion of plant growth
causes more O2 to be released and more CO2 to be taken up [24,27].

1.4. Lipo-chitooligosaccharide (LCO) from Bradyrhizobium japonicum

As mentioned earlier in this review, the process of nodulation in legumes begins with a
complex signal exchange between host plants and rhizobia. The first step in rhizobial estab‐
lishment in plant roots is production of isoflavonoids as plant-to-bacterial signals; the most
common in the soybean-B. japonicum symbiosis being genestin and diadzein [32], which trig‐

A Proteomics Approach to Study Soybean and Its Symbiont Bradyrhizobium japonicum – A Review
http://dx.doi.org/10.5772/53728
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ger the nod genes in the bacteria which, in turn, produce LCOs, or Nod factors, that act as
return signals to the plants and start the process of root hair curling, leading to nodule for‐
mation. Some recent literature has also shown that jasmonates can also cause nod gene acti‐
vation in B. japonicum although the strain specificities are very different from those of
isoflavonoids such as genistein [33-36]. LCOs are oligosaccharides of β-1,4-linked N-acetyl-
D-glucosamine coded for by a series of nod genes and are rhizobia specific [37,38]. The nod‐
DABCIJ genes, conserved in all nodulating rhizobia [37,39,40] are organized as a
transcriptional unit and regulated by plant-to-rhizobia signals such isoflavanoids [41-43].

Nodulation and subsequent nitrogen fixation are affected by environmental factors. It has
been observed that, under sub-optimal root zone temperatures (for soybean 15-17 ºC), pH
stress and in the presence of nitrogen, isoflavanoid signal levels are reduced; while high
temperature (39 ºC) increases non-specific isoflavanoid production and reduces nod gene ac‐
tivation, thereby affecting nodulation [44]). Our laboratory has isolated and identified the
major LCO molecule produced by B. japonicum 532C as Nod Bj V (C18:1;MeFuc) [45]. This
Nod factor contains a methyl-fucose group at the reducing end that is encoded by the host-
specific nodZ gene [46], which is an essential component for soybean-rhizobia interactions.

LCOs also positively and directly affect plant growth and development in legumes and non-
legumes. The potential role of LCOs in plant growth regulation was first reported by Denar‐
ie and Cullimore [47]). Nod genes A and B from R. meliloti, when introduced into tobacco,
altered the phenotype by producing bifurcated leaves and stems, suggesting a role for nod
genes in plant morphogenesis [48]. The development of somatic embryos of Norway spruce
is enhanced by treatment with purified Nod factor from Rhizobium sp. NGR234. It has been
suggested that these Nod factors can substitute for auxin and cytokinin like activities in pro‐
moting embryo development, and that the chitin core of the nod factor is an essential com‐
ponent for regulation of plant development [49,50]. Some of the LCO induced enod genes in
non-legumes seem to encode for defence related responses, such as chitinase and PR pro‐
teins [42,43], peroxidase [51] and enzymes of phenylpropanoid pathway, such as L-phenyla‐
lanine ammonia-lyase (PAL) [52]. Seed gemination and seedling establishment is enhanced
in soybean, common bean, maize, rice, canola, apple and grapes, accompanied by increased
photosynthetic rates [53]. Hydroponically grown maize showed an increase in root growth
when LCO was applied to the hydroponic solution [54,55] and foliar application to green‐
house grown maize resulted in increases in photosynthetic rate, leaf area and dry matter
[56]. Foliar application to tomato, during early and late flowering stages, increased flower‐
ing and fruiting and also fruit yield [57]. An increase in mycorrhizal colonization (Gigaspora
margarita) was observed in Pinus abies treated with LCO [50,58]. Recent research in our labo‐
ratory, on soybean leaves treated with LCOs under sub-optimal growth conditions, revealed
the up-regulation of over 600 genes, many of which are defense and stress response related,
or transcription factors; microarray results show that the transcriptome of the leaves is high‐
ly responsive to LCO treatment at 48 h post treatment [59]. These results suggest the need to
investigate more carefully the mechanisms by which microbe-to-plant signals help plants ac‐
commodate abiotic and biotic stress conditions.
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Since the protein quality of soybean plays an important role in overall agricultural and in
nutraceuticals production, it is imperative that we study the proteomics of soybean and its
symbiont B. japonicum, not only for better understanding of the crop, but also for the better‐
ment of agriculture practices and production of better high value added food products for
human consumption.

1.5. Proteomics as a part of integrative systems biology

The “omics” approach to knowledge gain in biology has advanced considerably in the re‐
cent years. The triangulation approach of integrating transcriptomics, proteomics and me‐
tabolomics is being used currently to study interconnectivity of molecular level responses of
crop plants to various conditions of stress tolerance and adaptation of plants, thus improv‐
ing systems level understanding of plant biology [60, 61].

While transcriptomics is an important tool for studying gene expression, proteomics actual‐
ly portrays the functionality of the genes expressed. Several techniques are available for
studying differential expression of protein profiles, and can be broadly classified as gel-
based and MS (mass spectrometry)-based quantification methods. The gel based approach
uses conventional, two-dimensional (2-D) gel electrophoresis, and 2-D fluorescence differ‐
ence gel electrophoresis (2D-DIGE), both based on separation of proteins according to iso‐
electric point, followed by separation by molecular mass. The separated protein spots are
then isolated and subjected to MS analysis for identification. Major drawbacks of these tech‐
niques are laborious sample preparation and inability to identify low abundance, hydropho‐
bic and basic proteins.

The MS based approach can be a label-based quantitation, where the plants or cells are
grown in media containing 15N metabolite label or using 15N as the nitrogen source. Label-
free quantitation, however, is easier and allows analysis of multiple and unlimited samples.
This technique, also referred to as MudPIT (multidimensional protein identification technol‐
ogy), is a method used to study proteins from whole-cell lysate and/or a purified complex of
proteins [62,63]. The total set of proteins or proteins from designated target sites are isolated
and subjected to standard protease digestions (eg. such as tryptic digestion). In brief, flash
frozen leaf samples are ground in liquid nitrogen and polyphenols; tannins and other inter‐
fering substances such as chlorophyll are removed. The processed tissue is resuspended in a
chaotropic reagent to extract proteins in the upper phase, and the plant debris is discarded
[64-70]. The total protein set, in the resulting solution, is further quantified using the Lowry
method [71]. The protein samples (2 µg of total protein each), once digested with trypsin,
can then be loaded onto a microcapillary column packed with reverse phase and strong cati‐
on exchange resins. The peptides get separated in the column, based on their charge and hy‐
drophobicity. The columns are connected to a quarternary high-performance liquid
chromatography pump and coupled with an ion trap mass spectrometer, to ionize the sam‐
ples within the column and spray them directly into a tandem mass spectrometer. This al‐
lows for a very effective and high level of peptide separation within the mixture, and detects
the eluting peptides to produce a mass spectrum. The detected peptide ions, at measured
mass-to-charge (m/z) ratios with sufficient intensity, are selected for collision-induced disso‐
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ciation (CID). This procedure allows for the fragmenting of the peptides to produce a prod‐
uct ion spectrum, the MS/MS spectrum. In addition, the fragmentation occurs preferentially
at the amide bonds, to generate N-terminal fragments (b ions) and C-terminal fragments (y
ions) at specific m/z ratios, providing structural information about the amino acid sequence
and sites of modification. The b ion and y ion patterns are matched to a peptide sequence in
a translated genomic database to help identify the proteins present in the sample [72-75]. A
variety of database searching and compiling algorithms are used to interpret the data ob‐
tained for structure and function of the identified proteins.

2. Analyses of soybean proteomics

2.1. Physiological and biological changes in the soybean proteome

2.1.1. Whole plant organs

The various tissues of soybean have specific groups of associated proteins at each develop‐
mental stage. While leaves at various developmental stages showed 26 differentially ex‐
pressed proteins, the first trifoliate stage manifested the greatest increase in protein types of
the outer/inner envelope of choloroplast membrane and also of the protein transport machi‐
neries. Young leaves showed abundant chaperonin-60, while HSP 70 and TP-synthase b
were present in all the tissues analyzed. Age dependent correlation was observed in net
photosynthesis rate, chlorophyll content and carbon assimilation. During the flowering
stage, flower tissue expressed 29 proteins that were exclusively involved in protein trans‐
port and assembly of mitochondria, secondary metabolism and pollen tube growth (Ahsan
and Komatsu., 2009 [76]. Soybean peroxisomal adenine nucleotide carrier (GmPNC1) is as‐
sociated with the peroxisomal membrane and facilitates ATP and ADP importing activities.
The proteins At PNC1 and At PNC2 are arabidopsis orthologs of Gm PNC1. Under constant
darkness, Gm PNC1 increased in cotyledons up to 5 days post germination and the levels
were rapidly reduced when the seedlings were exposed to light. RNA interference studies
on arabidopsis At PNC1 and At PNC2 suggests that PNC1 assists with transport of
ATP/ADP in the peroxisomal fatty acid-b oxidation pathway post germination (Arai et al.,
2008 [77]. This probably helps the seedling establish vigour for future growth.

In order to establish if xylem proteins and the apoplast conduit are involved in long distance
signalling in autoregulation of nodulation (AON) in the soybean-B. japonicum symbiosis, xy‐
lem and apoplast fluids were collected from hypocotyl, epicotyl and stem tissues. In addi‐
tion, proteins from imbibing seeds were evaluated to determine possible relationships of
these proteins with the xylem and apoplast proteins, especially during the seed to seedling
stage transition. The proteins secreted from imbibing seeds were different from the set of xy‐
lem-related proteins. Hypocotyl, epicotyl and stem xylem proteins were generally similar.
Comparison of wild type and nts1007 plants showed no difference in xylem protein profiles,
suggesting that xylem proteins were not involved in AON. However, a lipid transfer protein
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and Kunitz trypsin inhibitor, both known to have roles in plant signalling, were identified
within the xylem proteins [78].

Proteomic studies on chasmogamous (CH) CH cv. Toyosuzu and cleistogamous (CL) CL cv.
Karafuto-1 flowerbuds using 2D gel revealed differential protein levels of β-galactosidase
and protein disulfide isomerase. Cleistogamy occurs in plants under diverse stress condi‐
tions, such as drought and cold, and can also vary with temperature and light [79]. Soybean
cv Maverick was used to study proteomics during seed filling stages, at 2, 3, 4, 5 and 6
weeks after flowering, using 2D and MALDI-TOF-MS. Storage proteins, proteins involved
in metabolism and metabolite transport and defense related proteins were the most abun‐
dant, along with cysteine and methionine biosynthesis proteins, lipoxygenases and 14-3-3-
like proteins [80,81].

Based on these findings, it is clear that the plant partitions its proteomics based on ontogeny
and this specificity probably plays a crucial role in organ maturation and transition from
one stage to another in the plants life cycle. Understanding this is of fundamental impor‐
tance in agriculture, global food production, biofuel production and issues such as plant re‐
sponses to climate change.

2.1.2. Seeds

Both 2D gel and peptide mass fingerprinting techniques (MALDI-TOF-MS) were used to
study the proteins of mature and dry soybean (cv. Jefferson) seeds. Sucrose binding pro‐
teins, alcohol dehydrogenase and seed maturation proteins were some of the key proteins
identified (Mooney and Thelen 2004 [82]. A comparison of four methods for protein isola‐
tion and purification from soybean seed was one of the first reports on soybean proteomics;
thiourea/urea and TCA protocols were found to be the best. Proteins extracted with these
two methods and further characterized by MALDI-TOF-MS and LC-MS helped identify pro‐
teins such as β-conglycinin, glycinin, Kunitz trypsin inhibitor, alcohol dehydrogenase, Gm
Bd 28K allergen and sugar binding proteins in seeds [83]. The two major soybean storage
proteins are α-conglycinin and glycinin. While the α-conglycinin subunits separated well in
the pH range 3.0-10.0, glycinin polypeptides could be separated in pH ranges 4.0-7.0 and
6.0-11.0. Apart from these major storage proteins, this combined proteomic approach (2D-
PAGE and immobilized pH gradient strips) also identified 44 storage proteins in wild soy‐
bean (G. soja) and 34 additional storage proteins in its cultivated counterpart (G. max) [84]. A
comparative proteome analysis of soybean seed and seedling tissue suggested that there
were dramatic changes in the protein profiles during seed germination and during seedling
growth. The seed storage proteins β-conglycinin and glycinin were seen to degrade rapidly
and their degradation products were either accumulated or degraded further as the seeds
germinated. This degradation of the storage proteins indicates that the proteolysis process
provides amino acids and energy for the growing seedlings, and gives access to new detail
regarding these processes [85].

Synthesis of soybean glycinin and conglycinin, was suppressed by RNA interference. The
storage protein knockdown (SP2) seeds were very similar to the wild type during develop‐
ment and at maturity. Proteomic analysis of the SP2 soybean genotypes and next-generation
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transcript sequencing (RNA-Seq) suggested that the seeds could rebalance their transcrip‐
tome and metabolome in the face of at least some alterations. GFP quantification for glycinin
allele mimics further revealed that glycinin was not involved in proteome rebalance and
that seeds are capable of compensating through increases in other storage proteins, to main‐
tain normal protein content, even if the major storage proteins were not available [86].

Transgenic soybean seeds have higher amounts of malondialdehyde, ascorbate peroxidase,
glutathione reductase, and catalase (29.8, 30.6, 71.4, and 35.3%, respectively) than non-trans‐
genic seeds. Precursors of glycinin, allergen Gly m Bd 28k, actin and sucrose binding pro‐
teins were the other proteins identified [87,88]. High protein accessions of soybean (with 45
% or more protein in seeds) were compared with soybean cultivar Williams 82. 2-DE-MAL‐
DI-TOF-MS followed by Delta2D image analysis showed huge differences in 11S storage
globulins amongst the accessions. In addition, the trait for high protein from PI407788A was
moved to experimental line LG99-469 and was stable upon transformation [89,90].

2.1.3. Roots, root hairs and nodules

Since the root apical meristem (RAM) is responsible for the growth of the plant root system
and root architecture plays and important role in determining the performance of crop
plants, a proteome reference map of the soybean root apex and the differentiated root zone
was established. The root apex samples comprised of 1 mm of the root apex, encasing the
RAM, the quiescent center and the root cap. The predominant proteins in the root belonged
to those of stress response, glycolysis, redox homeostasis and protein processing machinery.
The root apex contained key proteins, such as those involved in redox homeostasis and fla‐
vonoid biosynthesis, but was underrepresented in glycolysis, stress response and TCA cycle
related proteins [91]. Analysis of the proteome of isolated soybean root hair cells using 2-D
gel and shotgun proteomics approaches identified proteins involved in basic cell metabo‐
lism, those whose functions are specific to root hair cell activities, including water and nu‐
trient uptake, vesicle trafficking, and hormone and secondary metabolism [92, 93].
Proteomic studies of soybean roots and root hairs after B. japonicum inoculation explains the
importance of initial plant-bacteria symbiotic interaction. A 2-D, MALDI-TOF, MS based ap‐
proach shows that enzymes such as chitinase and phosphoenolpyruvate carboxylase are dif‐
ferentially expressed in root hairs. As well as peroxidase and phenylalanine-ammonia lyase,
found to be expressed during rhizhobial inoculation, other novel proteins such as phospho‐
lipase D and phosphoglucomutase were found to be expressed [94]. Nodule cytosol proteins
from soybean cv. Williams 82 were found to be 28% related to carbon metabolism, 12% relat‐
ed to nitrogen metabolism, 12% related to reactive oxygen metabolism and 11% related to
vesicular trafficking proteins. The vesicular trafficking proteins could be involved in the ex‐
change of micro- and macro-molecules during the process of nodulation, while carbon, ni‐
trogen and reactive oxygen species are related to physiological functions during nitrogen
fixation [95]. The peribacteroid membrane (PBM) of the soybean symbiosome contains chap‐
eronins such as HSP60, BiP (HSP70) and PDI, and serine and thiol protease, all of which are
involved in protein translocation, folding, maturation and degradation of proteins related to
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the symbiosomes. Nodulin proteins 53b and 26B, associated with the PBM, were also
present, although their function is not clear [96].

2.2. Soybean proteomics under stress conditions

Like all plants, soybean also encounters various stressors during its life cycle. Work related
to flooding, drought, salt, heat, biotic stressors, metal toxicity, ozone, phosphorous deficien‐
cy and seed protein allergens are reviewed here.

2.2.1. Flooding stress

Plasma membrane proteins from the root and hypocotyl of soybean seedlings were purified
and subjected to 2-D gel electrophoresis, followed by MS and protein sequencing, and also
using nanoliquid chromatography followed by nano-LC-MS/MS based proteomics. The two
techniques were used to compare the proteins present, and this indicated that during flood‐
ing stress proteins typically found in the cell wall were up-regulated in the plasma mem‐
brane. Also, the anti-oxidative proteins were up-regulated to protect the cells from oxidative
damage, heat shock proteins to protect protein degradation and signaling proteins to regu‐
late ion homeostasis [97]. MS based proteomics applied to root tips of two-day-old seedlings
flooded for 1 day showed increased levels of proteins involved in energy production. Pro‐
teins involved in cell structure maintenance and protein folding were negatively affected, as
was their phosphorylation status [98].

Two-day-old germinated soybean seeds were subjected to water logging for 12 h and total
RNA and proteins were analyzed from the root and hypocotyl. At the transcriptional level,
the expression of genes for alcohol fermentation, ethylene biosynthesis, pathogen defense,
and cell wall loosening were all significantly up-regulated, while scavengers and chaperons
of reactive oxygen species were seen to change only at the translational level. Transcription‐
al and translational level changes were observed for hemoglobin, acid phosphatase, and Ku‐
nitz trypsin protease inhibitors. This adaptive strategy might be for both hypoxia and more
direct damage of cells by excessive water [99]). Proteins from 2-day-old soybean seedlings
flooded for 12 h were analyzed using 2-D gel MS, 2-D fluorescence difference gel electro‐
phoresis, and nanoliquid chromatography. Early responses to flooding involved proteins re‐
lated to glycolysis and fermentation, and inducers of heat shock proteins. Glucose
degradation and sucrose accumulation increased due to activation of glycolysis and down-
regulation of sucrose degrading enzymes, in addition the methylglyoxal pathway, a detoxi‐
fication system linked to glycolysis, was up-regulated. 2-D gel based phosphoproteomic
analysis showed that proteins involved in protein synthesis and folding were dephosphory‐
lated under flooding conditions [100]. Water logging stress imposed on very early soybean
seedlings (V2 stage) resulted in a gradual increase of lipid peroxidation and in vivo H2O2

production. Proteomic studies of the roots using 2-D gel, MALDI-TOF-MS or electrospray
ionization tandem mass spectrometry (ESI-MS/MS) analysis, identified 14 up-regulated and
5 down-regulated proteins. Five newly discovered proteins were associated with water log‐
ging, a known anaerobic stress. The proteins included those associated with signal transduc‐
tion, programmed cell death, RNA processing, redox homeostasis and energy metabolism.
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Increases in glycolysis and fermentation pathway associated proteins were indicative of
adaptation of the plant to this alternate energy provision pathway. Other novel proteins,
such as a translation initiation factor, apyrase, auxin-amidohydrolase and coproporphyrino‐
gen oxidase, were also identified [101]. Mitochondrial proteomics from 2-day-flooded 4-day-
old soybean seedlings identified increases in the levels of proteins and metabolites
associated with TCA cycle and the γ-amino butyrate shunt. Increases in NADH and NAD
and a decrease in ATP during the stress suggest that the electron transport chain is disrupt‐
ed, although NADH production increases through TCA cycle activity [102].

Soybean seeds germinated for 48 h were subjected to water logging stress for 6-48 h. In addi‐
tion to general stress responses due to increases in reactive oxygen species scavengers, sev‐
eral glycolytic enzymes were up-regulated, suggesting changes in energy generation [103].

2.2.2. Water stress – Drought

Soybean root activities are affected during water stress. The root can be partitioned into
zones 1 (apical 4 mm zone) and 2 (4-8 mm zone), based on maximum elongation during well
watered conditions. Soluble proteins from these regions, studied under both well-watered
and water deficit stress conditions, revealed region-specific regulation of the phenylpropa‐
noid pathway. Zone 1 of roots manifested increases in isoflavanoid biosynthesis related en‐
zymes and proteins that contribute to growth and maintenance of the roots under water
stress conditions. However, zone 2 of water stressed roots manifested up-regulation of caf‐
feoyl-CoA O-methyltransferase (a protein involved in lignin biosynthesis), protective pro‐
teins related to oxidative damage, ferritin proteins that sequester iron, and 20S proteasome
α-subunit A. Increases in lignin accumulation and ferritin proteins preventing availability of
free iron in this zone were suggested to be the factors affecting root growth during water
stress [104]. An investigation of the soybean plasma membrane proteome, under osmotic
stress, was conducted using 2-day-old seedlings subjected to 10% PEG for 2 days; both gel-
and nano-LC MS/MS-based proteomics methods were utilized to analyze the samples. Out
of the 86 proteins identified by nano-LC MS/MS approach, 11 were up-regulated and 75 pro‐
teins down-regulated under PEG mediated stress. Three homologues of plasma membrane
transporter proteins H1-ATPase and calnexin were prominent [105]. Similarly, 3-day-old
soybean seedlings were subjected to 10% PEG treatment or water withdrawal and samples
collected from roots, hypocotyl and leaves, 4-days after treatment, for proteome analysis.
The root was the most responsive and affected organ for both drought stress induction
methods. The leaves showed increases in metabolism-related proteins, while the energy pro‐
duction and protein synthesis machineries were negatively affected. HSP70, actin isoform B
and ascorbate peroxidase were up-regulated in all the tissues analyzed. Importantly, me‐
thionine synthase, a drought response protein, decreased, suggesting negative effects of
drought stress on these seedlings [106].

2.2.3. High temperature stress

Tissue specific proteomics under high temperature stress revealed 54, 35 and 61 differential‐
ly expressed proteins in the leaves, stems and roots, respectively. Heat shock proteins and
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α-subunit A. Increases in lignin accumulation and ferritin proteins preventing availability of
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and nano-LC MS/MS-based proteomics methods were utilized to analyze the samples. Out
of the 86 proteins identified by nano-LC MS/MS approach, 11 were up-regulated and 75 pro‐
teins down-regulated under PEG mediated stress. Three homologues of plasma membrane
transporter proteins H1-ATPase and calnexin were prominent [105]. Similarly, 3-day-old
soybean seedlings were subjected to 10% PEG treatment or water withdrawal and samples
collected from roots, hypocotyl and leaves, 4-days after treatment, for proteome analysis.
The root was the most responsive and affected organ for both drought stress induction
methods. The leaves showed increases in metabolism-related proteins, while the energy pro‐
duction and protein synthesis machineries were negatively affected. HSP70, actin isoform B
and ascorbate peroxidase were up-regulated in all the tissues analyzed. Importantly, me‐
thionine synthase, a drought response protein, decreased, suggesting negative effects of
drought stress on these seedlings [106].

2.2.3. High temperature stress

Tissue specific proteomics under high temperature stress revealed 54, 35 and 61 differential‐
ly expressed proteins in the leaves, stems and roots, respectively. Heat shock proteins and
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those involved in antioxidant defense were up-regulated while proteins for photosynthesis,
amino acid and protein synthesis and secondary metabolism were down- regulated. HSP70
and other low molecular weight HSPs were seen in all the tissues analyzed. ChsHSP and
CPN-60 were tissue specific and the sHSPs were found only in tissues under heat stress, and
were not induced by other stresses such as cold or hydrogen peroxide exposure [107].

2.2.4. Salt stress

Salt stress is also an important abiotic stressor that affects crop growth and productivity. Of
the 20% of agricultural land available globally, 50% of the cropland is estimated by the Unit‐
ed Nations Environment Program (The UNEP) to be salt-stressed [108]. As the plant grows
under salt stresses conditions, depending on the severity of the stress, the plants can experi‐
ence reduced photosynthesis, protein and energy production, and changes in lipid metabo‐
lism [109,110]. As soil salinity increase, the effects on seed germination and germinating
seedlings are profound. Responses to salinity and drought stress are similar; they affect the
osmotic activity of the root system, thereby affecting the movement of water and nutrients
into the plants. In Canadian soils, salinity varies between spring and fall and the most saline
conditions are seen at the soil surface just after spring thaw. In the Canadian prairies, the
dominant salts of saline seeps include calcium (Ca), magnesium (Mg) and sodium (Na) cati‐
ons, and sulphate (SO4

-) anions [111]. Soybean is very sensitive to Cl-, but not greatly affect‐
ed by Na+, because of its ability to restrict movement of Na+ to leaves [112].

This first report regarding soybean seedling proteomic responses to salt stress evaluated
length and fresh weight of the hypocotyl and roots of soybean exposed to a series of NaCl
concentrations. At 200 mM NaCl, the length and fresh weight of hypocotyl and roots were
greatly reduced, with a simultaneous increase in proline content, suggesting activation of
mechanisms for coping with salt stress. In addition, hypocotyl and root samples from 100
mM NaCl treated seedlings up-regulated seven key proteins, such as late embryogenesis-
abundant protein, b-conglycinin, elicitor peptide three precursor, and basic/helix-loop-helix
protein. The same treatment caused down-regulation of protease inhibitor, lectin, and stem
31-kDa glycoprotein precursor. This combination of up- and down-regulated proteins indi‐
cates a metabolic shift and could represent a strategy used by soybean seedlings to enhance
tolerance of, or adapt to, salt stress [113].

Sobhanian et al. [110,114] found that treatment of soybean seedlings with 80 mM NaCl ar‐
rests the growth and development of both hypocotyl and roots. This study assessed effects
on leaf, hypocotyl and root proteomics of salt treated soybean seedlings and found that re‐
duction of glyceraldehyde-3-phospahte dehydrogenase was indicative of reduction in ATP
production, and down-regulation of calreticulin was associated with disruption in the calci‐
um signalling pathway, both of which are associated with decreased plant growth. The lev‐
els of other proteins, such as kinesin motor protein, trypsin inhibitor, alcohol dehydrogenase
and annexin, were also found to change, suggesting that these proteins might play different
roles in soybean salt tolerance and adaptation [110,114].

Soybean cultivars Lee68 and N2899 are salt-tolerant and salt-sensitive, respectively. The per‐
centage germination was not affected when exposed to 100 mmol L-1 NaCl, however, the
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mean germination time for Lee68 (0.3 days) and N2899 (1.0 day) was delayed, compared
with control plants. Hormonal responses to salt stress differed between these cultivars. Both
cultivars, increased abscisic acid levels and decreased giberrelic acid (GA 1, 3) and isopenty‐
ladenosine concentrations; auxin (IAA) increased in Lee68, but remained unchanged in
N2899. 2-D gel electrophoresis, followed by MALDI-TOF-MS analysis, of the proteins from
germinated seeds suggested increases in ferritin and the 20S proteasome subunit β-6 in both
the cultivars. Glyceraldehyde 3-phosphate dehydrogenase, glutathione S-transferase (GST)
9, GST 10, and seed maturation protein PM36 were down-regulated in Lee68, but these pro‐
teins were naturally present in low concentrations in N2899 and were seen to up-regulate
following exposure to salt stress [115].

2.2.5. Biotic stress

The soybean-Phytophthora soje plant-oomycete interaction is of agriculture and economic im‐
portance, as this oomycete causes soybean root and stem rot, translating to an annual global
loss of $1-2 billion US. Twenty-six proteins were significantly affected in a resistant soybean
cultivar (Yudou25) and 20 in a sensitive one (NG6255), as determined by 2-D gel analysis,
followed by MALDI-TOF-MS. The distribution pattern of the affected proteins were - 26%
energy regulation, 15% protein destination and storage, 11% defense against disease, 11%
metabolism, 9% protein synthesis, 4% secondary metabolism, and 24% unknown/hypotheti‐
cal proteins [116].

Soybean mosaic virus (SBMV) causes one of the most serious viral infections of soybean;
leaves of infected plants were studied at a series of time points using 2-D gel electrophore‐
sis, followed by MALDI-TOF-MS and tandem TOF/TOF-MS. Proteins expressed in the ino‐
culated leaves were identified and were seen to be involved in protein degradation, defense
signalling, coping with changes in the levels of reactive oxygen species, cell wall reinforce‐
ment, and energy and metabolism regulation. Quantitative real time PCR was used to focus
on gene expression related to some of these proteins. Photosynthesis and metabolism relat‐
ed genes were down-regulated at all the time points, while most of the energy related genes
(respiration in this case) were up-regulated for at least five of the six time points studied
[117]. At the time of this writing, this report is the only one addressing the proteomic ap‐
proach to molecular understanding of soybean-SBMV interaction.

2.2.6. Other miscellaneous stress related reports

Aluminium toxicity is often observed in acidic soils and Baxi 10 (BX10) is an Al-resistant cul‐
tivar. One-week-old soybean seedlings treated with 50 mM AlCl3 for 24, 48 and 72 h were
studied for characterization of root proteins in response to Al; and 2-D gel electrophoresis
followed by MS revealed 39 proteins expressed differentially following Al treatment. Of
these 21 were up-regulated (such as heat shock proteins, glutathione S-transferase, chalcone
related synthetase, GTP-binding protein, ABC transporters and ATP binding proteins). Five
proteins were also down-regulated and 15 newly induced proteins were present following
AL treatment [118].
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The process of nitrogen fixation demands large amounts of phosphorus [119]. When soy‐
bean plants are starved of phosphorus, 44 phosphate starvation proteins are expressed in
soybean nodules [120].

Label free proteomics, coupled with multiple reaction monitoring (MRM) with synthetic iso‐
tope labelled peptides, was used to study 10 allergens from 20 non-genetically modified
commercial varieties of soybean. The concentration of these allergens varied between 0.5-5.7
μg mg-1 of soybean protein. At the time of this writing, this is the only proteomic report on
soybean allergens [121].

The responses of soybean plants exposed to 116 ppb O3 involved significant changes to car‐
bon metabolism, photosynthesis, amino acid, flavanoid and isoprenoid biosynthesis, signal‐
ing, homeostasis, anti-oxidant and redox pathways [122], as indicated by shifts in expression
of the relevant proteins.

More information regarding soybean functional genomics and proteomics is available at the
publicly accessible Soybean Knowledgebase (SoyKB) http://soykb.org/ [123].

3. Bradyrhizobium japonicum and its proteomics/exoproteomics

Culturing bacteria in vitro can cause changes in the bacterial physiology and genetics. In or‐
der to discriminate between types of these differences, B. japonicum cultivated in HM media
and those isolated from root nodules were studied for their protein profile using 2-D PAGE
and MALDI-TOF. The cultured cells showed greater levels of proteins related to fatty acid,
nucleic acid and cell surface synthesis. While carbon metabolism proteins related to global
protein synthesis, maturation and degradation and membrane transporters seemed to be
similar in both cultured and nodule isolated bacteria, nitrogen metabolism was more pro‐
nounced in the bacteroids. Despite the quantitative differences in some proteins in the cul‐
tured and nodule isolated bacteria, it was observed that the various proteins in common
between them performed similar functions [124]. A high resolution 2-D gel electrophoresis
analysis of these bacteroids revealed a number of proteins, of which about 180 spots could
be identified using the B. japonicum database (http://www.kazusa.or.jp/index.html) [125].
The bacteroids showed a lack of defined fatty acid and nuclei acid metabolic pathways, but
were rich in proteins related to protein synthesis, scaffolding and degradation. Other pro‐
teins with high expression levels were associated with cellular detoxification, stress regula‐
tion and signalling, all of which clearly establishes that differentiation into bacteroids results
in a clear shift on metabolism and expression of metabolic pathways required by the bacte‐
roids for their specialized activities [126].

Since competitiveness plays an important role in this symbiotic relationship, 2-D gel electro‐
phoresis, image and data analysis, and in-gel digestion proteomic studies, were conducted
on B. japonicum 4534, a strain with high competitiveness, and B. japonicum 4222, with low
competitiveness, for nodulation. When treated with diadzein, both the strains showed up-
regulation of proteins: 24 in B. japonicum 4534 and 10 in B. japonicum 4222. Upon treatment

A Proteomics Approach to Study Soybean and Its Symbiont Bradyrhizobium japonicum – A Review
http://dx.doi.org/10.5772/53728

15



with diadzein and other extracellular materials such as extracellular enzymes and polysac‐
charides involved in nodulation of the strains tested, the numbers increased to 78 (43 up-
regulated and 35 down-regulated) and 47 (25 up-regulated and 22 down-regulated) in these
two strains. Proteins not related to nodulation were also present, and the higher number of
proteins expressed by B. japonicum 4534 may be the reason for increased competitiveness
during symbiosis [127]. Comparative studies on whole cell extracts of genistein induced and
non-induced cultures of a strain used in commercial inoculants in Brazil, B. japonicum CPAC
15 (=SEMIA 5079), and of two genetically related strains grown in vitro were conducted us‐
ing 2-D gel electrophoresis followed by mass spectrometry. Some of the noteworthy pro‐
teins belonged to the cytoplasmic flagellar component FliG, periplasmic ABC transporters,
proteins related to the biosynthesis of exopolysaccharides (ExoN), proteins that maintain re‐
dox state and the regulon PhyR-σEcfG, which is known to increase the competitiveness of B.
japonicum and also help the bacteria under stress conditions, and several other hypothetical
proteins [128].

B. japonicum utilizes the bacterial Type III secretion system (TTSS). In order for TTSS to be
effective it requires a flavonoid inducer. The tts gene cluster of B. japonicum is regulated by
the isoflavone genistein. In its presence NodD1 and NodW activate the ttsI, which is a two-
component response regulator, necessary for expression of other genes in the tts cluster. In
addition, the operons governing the TtsI regulon have a conserved motif in the tts box pro‐
motor region, which underscores the importance of regulation of TTSS in B. japonicum. Flag‐
ellin is a bulk protein synthesized by B. japonicum that plays an important role in TTSS.
Mutant B. japonicum cells created by deleting the flagellin genes bll6865 and bll6866 were
studied for their exoprotein profiles, in comparison with the non-mutated strains. Upon in‐
duction using genistein, it was observed that amongst the identifiable proteins, Blr1752 simi‐
lar to NopP of Rhizobium sp. strain NGR234, Blr1656 (GunA2) having endoglucanase activity
and three other proteins having similarity to proteins of the flagellar apparatus were detect‐
ed. However, none of these proteins were detected in the mutant exoproteome, suggesting
that these proteins are the products of a highly conserved tts box motif containing genes that
encode these secreted proteins [129 and references therein].

A study of 2-D gel electrophoresis combined with MALDI-TOF MS for the identification of
B. japonicum strains 110, BJDΔ283 and BJD567 exoproteomes revealed a high frequency of
substrate-binding proteins of the ABC transporter family. Addition of genistein to the cul‐
tures altered the exoproteome; three flagellar proteins and a nodulation outer protein, Pgl,
were identified. Further shotgun mass spectrometry of the genistein induced exoproteome
revealed the presence of nodulation outer proteins, NopB, NopH, NopT and type III-secret‐
ed protein GunA2. Addition of diadzein or coumerstrol, instead of genistein, to the cell cul‐
ture showed a reduction in the type III-secreted protein GunA2 [130]. B. japonicum cell lines
derived from strain SEMIA 566 are adapted to stressful environmental conditions in Brazil.
They also vary in their capacity for symbiotic nitrogen fixation. A representational differ‐
ence analysis study was conducted on the strains S 370 and S 516, derived from SEMIA 566.
Strain S 370 produces the nodulation outer protein P gene, which is strongly associated with
the TTSS, and is also the major determinant of effective nodulation [131].
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B. japonicum strain CPAC 15 (5SEMIA 5079) is a strain used in commercial inoculants; it be‐
longs to the same serogroup as strain USDA 123 and is used in Brazil on soybean. Both of
these strains are known to be highly competitive and saprophytic. Apart from B. japonicum
strain USDA 110, which has been sequenced [24,25], CPAC 15 is the only stain that has been
partially sequenced in any significant measure [132]. CPAC 15 and two related strains, S 370
and S 516, were studied using whole-cell 2-D protein gel electrophoresis and spot profiles of
selected proteins using MS. Cytoplasmic and periplasmic proteins found to occur in diverse
metabolic pathways related to the saprophytic properties of CPAC 15; 26 hypothetical pro‐
teins were identified [133].

B. japonicum strain USDA 110 from soybean plants cultivated in growth chambers were har‐
vested at 21 days of symbiosis and subjected to transcriptomics studies and proteomics us‐
ing gelLC-MS/MS. Through this integrated approach 27.8% of the theoretical proteome and
43% of the predicted genes and proteins were detected. Analysis of the biological and func‐
tional pathways highlighted proteins involved in carbon and nitrogen metabolism: several
enzymes of the TCA cycle, gluconeogenesis and pentose phosphate pathway. Experiments
with bacteroids obtained from soybean plants grown under field conditions showed identi‐
cal results [134 and references therein].

4. Other dimensions to soybean-rhizobacteria interactions

Apart from B. japonicum, which produces LCOs, other rhizobacteria, such as Bacillus thurin‐
giensis NEB17 reside in the rhizosphere of higher plants [135], forming a phyto-microbiome,
much like the human microbiome, now realized to be so important in human health [136].
Bacillus thuringiensis NEB17 is symbiotic with B. japonicum, produce bacteriocins. Bacillus
species were first reported to produce bacteriocins in 1976. The low-molecular-weight bac‐
teriocins of gram-positive bacteria have bactericidal activity, mainly against certain other
gram-positive bacteria [137]. Bacteriocins are ribosomally produced peptides which affect
the growth of related bacterial species. The most studied bacteriocin is colicin, produced by
members of the Enterobacteriaceae [138]. Due to their commercial importance as natural
preservatives and as therapeutic agents against pathogenic bacteria, these antimicrobial
peptides have been a major area of scientific research [137,139].

Bacteriocins are grouped into four distinct classes based on the peptide characteristics such
as post translational modifications, side chains, heat stability, N-terminal sequence homolo‐
gy and molecular weight [140]. Bacillus thuringiensis NEB17 was isolated from soybean root
nodules as putative endophytic bacteria in 1998 in our laboratory. When co-inoculated with
B. japonicum under nitrogen free conditions this bacterium promoted soybean growth, nodu‐
lation and grain yield [141, 142]. Subsequently, the causative agent of plant growth promo‐
tion, a bacteriocin, was isolated from B. thuringiensis NEB17, and is now referred to as
thuricin 17 [143]. Initially, its partial sequence was determined [144], and its full sequence
has been more recently reported [145]. Thuricin 17 is a low molecular weight peptide of 3162
Da, stable across a pH range of 1.0–9.25, highly heat resistant and is inactivated by treatment
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with proteolytic enzymes. Based on its N-terminal sequence homology of thuricin 17 and
that of the also newly isolated bacthuricin F4, a new class of bacteriocins, class IId was pro‐
posed [143]. The bacteriocins produced by B. thuringiensis strain NEB17 (Th17) and B. thurin‐
giensis subsp. kurstaki BUPM4 (bacthuricin F4 - 3160.05 Da) have been reported to show
functional similarities and anti-microbial activities [146]. In addition, thuricin 17, applied as
leaf spray and root drench, has positive effects on soybean and corn growth, which was first
reported from our laboratory [145]; this constituted the first report of plant growth stimula‐
tion by a bacteriocin.

Proteomic profiling of both these bacteria are underway in our laboratory and we hope to
acquire some indications of plant proteomic shifts related to biological nitrogen fixation
through these experiments over the next few months.

5. Conclusions and future perspectives

Soybean is an important protein and oil seed crop and BNF is an important source of nitro‐
gen for the crop. Considerable work has been conducted regarding soybean proteomics, fa‐
cilitated by recent advancements in technology, but a more systematic approach to this
method is required in order to understand the intricacies of plant growth and development
in the face of interactions with various symbionts. There is wide variation in the ability of B.
japonicum strains to fix atmospheric nitrogen and screening of the various strains known to
us, in the light of specific agro-climatic conditions, will help improve effective BNF at a very
low cost. In this regard, the proteomic profile can be of immense help in highlighting the
protein-protein interactions that are involved during the process of nodule initiation, forma‐
tion and sustenance. This in-depth knowledge of the role of proteins in nodulation and plant
growth promotion processes will assist in further improvement of soybean cultivars and
their associated B. japonicum strains, for a better and more sustainable agriculture.
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Chapter 2

The Development and Regulation of Soybean Nodules

Brett James Ferguson

Additional information is available at the end of the chapter

http://dx.doi.org/10. 5772/52573

1. Introduction

1.1. Legumes: Environmentally and agronomically important plant
species

Legumes represent the third largest family of angiosperms, with > 18,000 species world-
wide (Leguminosae or Fabaceae). Due to their high nutritional value, they have been cultivat‐
ed by many cultures for use in agriculture. Indeed, legumes currently represent some of the
most important food, feed and fuel crops grown around the world, second only to cereals.
They have a global-production value of > $200 billion per year and are cultivated on 12–15%
of the world’s available, arable land (Graham and Vance 2003; Peoples et al., 2009; Jensen et
al., 2012). Collectively, ~247 million tons of legumes are produced each year, and represent >
25% of the world’s primary crop production (Graham and Vance 2003; European Associa‐
tion for Grain Legume Research 2009). Some key legume crop species include: soybean,
bean, pea, chickpea, cowpea, pigionpea and alfalfa.

Legumes play a significant role in both agriculture and in natural ecosystems by having a
unique influence on the nitrogen cycle. They do so via a highly-specialized symbiotic rela‐
tionship with soil bacteria commonly called rhizobia. Via a sophisticated signaling ex‐
change, the bacteria infect the plant root and induce the formation of novel organs, termed
nodules (Ferguson et al., 2010). The nodule is colonized by the bacteria and provides them
with an ideal habitat to convert or ‘fix’ atmospheric di-nitrogen into other nitrogen-based
compounds, such as ammonia, which can be used by the plant. This benefits the plant di‐
rectly, as nitrogen is essential for growth. It also benefits the rhizosphere as the soil nitrogen
content is replenished once the plant dies and subsequently decomposes (referred to as
‘green manure’). As a result, legumes are often used in crop rotations in agriculture. In addi‐
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tion, some legumes are being exploited as a source of sustainable biofuel. Species such as
soybean, and the tree legume Pongamia pinnata, offer the most promise due to their high
seed oil content (Scott et al., 2008).

2. Nitrogen fertilizer: An unsustainable reliance in modern agriculture

Current agriculture practices are heavily reliant on nitrogen-based fertilizers to achieve high
yields (Peoples et al., 2009; Jensen et al., 2012). Indeed, it is estimated that half of the world’s
population is fed as a direct result of nitrogen fertilizer use (Erisman et al., 2008). Although
this approach works well to maximize crop production, it is a very risky dependence that is
not sustainable, and is inefficient, expensive, and often pollutes. Hence, there are a number
of very sound reasons to lessen these nitrogen inputs and alleviate the current reliance.

The production of industrial nitrogen fertilizers requires a great deal of fossil fuel, involving
what is known as the Haber-Bosch process. Once manufactured, additional fossil fuel is
needed to transport the fertilizer to its place of sale, and then even more fossil fuel is needed
to apply it in the field. Collectively, this accounts for a staggering 50% of fossil fuel use in
modern agriculture and 5% of the world’s annual consumption of natural gas (Crutzen et
al., 2007; Canfield et al., 2010). As a direct result, the purchase and application of nitrogen
fertilizer can be quite expensive, preventing many farmers in developing regions of the
world from being able to use it. Moreover, as the cost of fossil fuel continues to rise, so too
does the cost of nitrogen fertilizer. This can considerably cut into farmer profits and often
leads to costs being passed on to the consumer.

In addition to the monetary costs associated with nitrogen fertilizer use, there are often con‐
siderable environmental costs. It is reported that industrial manipulation of the nitrogen cy‐
cle has already exceeded safe boundaries for global environmental change (Rockstrøm et al.,
2009; Canfield et al., 2010; Charpentier and Oldroyd 2010; Beatty and Good 2011). Due to the
combustion of fossil fuel, the production and application of nitrogen fertilizer results in
large quantities of carbon dioxide (CO2) being released into the atmosphere. This contributes
to the greenhouse effect, as does the release of nitrous oxide (N2O), which is produced dur‐
ing the decomposition of nitrogen fertilizer in the soil and is estimated to be 292 times more
active as a greenhouse gas than CO2 (Crutzen et al., 2007).

Each year >100 million tonnes of nitrogen are applied to crops worldwide (Glass 2003). This
excessive use of nitrogen reduces the levels of trace nutrients in the soil and increases soil
acidity. Moreover, the application of nitrogen-based fertilizers is a largely inefficient proc‐
ess, with as much as 30 - 50% lost to leaching. This nitrogen run-off can cause significant
environmental damage, including the eutrophication of waterways resulting from associat‐
ed algal blooms, etc. (Vance 2001). Recent reports indicate that the cost to fix this environ‐
mental damage will significantly outweigh the economic benefit gained from nitrogen
fertilizer use (Sutton et al., 2011).

The excess runoff from nitrogen fertilizer can also contaminate drinking water. High levels
of nitrogen in drinking water can lead to methemoglobinaemia, commonly referred to as
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Blue-baby syndrome because of the blue-grey skin colour displayed by affected infants
(Murphy 1991; Knobeloch et al., 2000). Blue-baby syndrome is potentially fatal and occurs
when the hemoglobin of an infant’s red blood cells is oxidized to methemoglobin, which is
unable to properly transport oxygen.

3. Biological nitrogen fixation: A sound alternative to nitrogen fertilizer

Attempts to reduce the use of nitrogen fertilizers need to incorporate responsible, cost effec‐
tive and environmentally sound options; an improved use of legumes and an increased un‐
derstanding of legume nodulation represent such options. Indeed, this symbiotic
relationship between legumes and rhizobia represents the most important nitrogen-fixation
association in the world, with an annual production of approximately 200 million tons of ni‐
trogen (Peoples et al., 2009; Jensen et al., 2012). Optimising this symbiosis can increase crop
yields and enhance soil fertility, whilst reducing the negative monetary costs and environ‐
mental impacts associated with nitrogen fertilizer use (Hirel et al., 2007; Peoples et al., 2009;
Canfield et al., 2010). Hence, increasing our use of legume crops and identifying critical fac‐
tors required to control nodulation are seen as pivotal steps towards reducing our reliance
on nitrogen fertilizers and improving agricultural sustainability (e. g. , Giller and Cadisch
1995; Vance 2001; Peoples et al., 2009; Rockstrøm et al., 2009; Canfield et al., 2010; Jensen et
al., 2012).

Soybean alone is estimated to produce up to 200 kg N ha-1 in aboveground biomass in a sin‐
gle growing season. Of the soybean nitrogen content, 58-68% is estimated to be derived from
symbiotic nitrogen fixation (Salvagiotti et al., 2008; Peoples et al., 2009; Jensen et al., 2012).
Following harvesting, the remaining portions of the plant, including roots and nodules
which represent 30-60% of the nitrogen content, are left to replenish the nitrogen content of
the surrounding soil (Mahieu et al., 2007; McNeill and Fillery 2008).

4. Legume nodules: The perfect environment for rhizobia nitrogen
fixation

Nodulation is a complex process orchestrated by a multitude of bacteria and plant signals
(reviewed in Ferguson and Mathesius 2003; Ferguson et al., 2010). The process is initiated by
plant roots secreting flavonoid molecules into the soil. This attracts compatible rhizobia and
concomitantly stimulates them to synthesize a highly specific signal molecule called Nod
factor. The rhizobia strain that is compatible with soybean is Bradyrhizobium japonicum. The
plant perceives Nod factor via LysM receptors on the root. In soybean, these receptors are
called GmNFR1 and GmNFR5 (Indrasumunar et al., 2010, 2011). Nod factor perception trig‐
gers a subsequent signaling cascade that is required for proper nodule establishment. The
known legume and rhizobia genes/signals that are involved in this signaling cascade have
recently been thoroughly reviewed in Ferguson (2012).
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The presence of the rhizobia together with their Nod factor signal molecule initiates the nod‐
ulation infection process. Root hair penetration is the most common form of rhizobia inva‐
sion. The bacteria attach to emerging root hairs, which begin to deform and eventually
encapsulate some of the bacteria, which are continuously dividing (Callaham and Torrey
1981; Turgeon and Bauer 1985). This process happens in as little as 6 – 8 h post-inoculation
(Yao and Vincent 1969; Bhuvaneswari et al., 1981; Bhuvaneswari and Solheim 1985; Turgeon
and Bauer 1982, 1985). Specialized structures, called infection threads, begin to form and
provide a passage way for the bacteria to enter the root (reviewed by Gage 2004). These in‐
fection threads are predominately comprised of plant cell wall components and they permit
the bacteria to continue proliferating within the host plant.

As the process of rhizobia infection occurs, cortical cells in the root begin to divide and
eventually give rise to the nodule primordium (Calvert et al., 1984; Mathews et al., 1989).
The position of the nodule primordium is typically adjacent to the radial cells of the xylem,
and away from the phloem. This positioning is thought to be largely dependent on plant
hormone levels, namely gradients of the gaseous hormone, ethylene (Heidstra et al., 1997;
Gresshoff et al., 2009; Lohar et al., 2009). Additional tissues, including vascular tissues and
central nodule tissues that are composed of both invaded and non-invaded cells, also devel‐
op to form the nodule structure (Newcomb et al., 1979; Calvert et al., 1984; Ferguson and
Reid 2005).

Infection threads initiating in the root hair eventually grow and extend towards the dividing
nodule primordium located in the root cortex. Once there, rhizobia located at the tip of the
infection threads are released into an infection droplet that separates and is released into the
cytoplasm of the host cell. Within the cytoplasm, the rhizobia are encapsulated by a special‐
ized plant-derived membrane, known as the peribacteroid membrane, making what is com‐
monly referred to as the symbiosome (Udvardi and Day 1997).

Ultimately, the dividing bacteria differentiate into what are known as bacteroids, which are
highly specialized and whose main purpose is to fix atmospheric di-nitrogen gas. Inside the
mature nodule, the bacteroids use a nitrogenase enzyme complex to fix the di-nitrogen into
forms of nitrogen that the plant can use, such as ammonia. The ammonia, which is toxic to
the plant, is then quickly converted into compounds such as glutamate or ureides that are
non-toxic and are safely transported throughout the plant. Legume nodules provide the ide‐
al setting for this process as they establish a peripheral oxygen barrier, via physical and met‐
abolic barriers, to create a low-oxygen environment that is essential for nitrogenase activity
to occur.

The nodules formed on the roots of soybean plants are referred to as ‘determinate’ nodules.
They are spherical and lack a persistent meristem, unlike indeterminate nodule structures
that can form on other legume species, particularly those from temperate growing regions
(Ferguson et al., 2010). The life-span of a soybean nodule is typically a few weeks, after
which they senesce and are replaced by new nodule structures developing on the growing
root system. Following nodule senescence, the bacteroids can re-differentiate and become
new inoculum for the soil (Gresshoff and Rolfe 1978).
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5. Autoregulation of nodulation: Too much of a good thing can be bad

A number of genes that are required for proper nodule formation have been elucidated (re‐
viewed in Caetano-Anollés and Gresshoff 1991; Ferguson et al., 2010; Ferguson, 2012). The
loss of any of these genes typically results in a reduced, or a complete lack of, nodule devel‐
opment. In addition to these positive regulators of nodule formation, there are also a num‐
ber of external and internal factors that act as negative regulators of nodulation. Mutants
unable to synthesise or perceive these factors exhibit increased nodule numbers, often refer‐
red to as a hyper- or super-nodulation phenotype (Figure 1). Many of these factors function
in the Autoregulation of Nodulation (AON) pathway, which is a mechanism used by the
host plant to regulate its nodule numbers (reviewed in Reid et al., 2011a). Indeed, less than
10% of all rhizobia infection events result in the establishment of a fully functional nodule,
largely due to AON. By controlling nodule development in this way, the host plant can bal‐
ance its need to acquire nitrogen against its ability to expend energy establishing and main‐
taining nodules. Supernodulating plants lacking AON are typically developmentally-
stunted (when inoculated with a compatible rhizobia strain) and yield poorly as a result of
this balance being disrupted (Figure 2).

Figure 1. Roots of wild-type (WT) and supernodulating mutant (nod++) soybean plants exhibiting mature nodule
structures as a result of a symbiotic interaction with Bradyrhizobium japonicum.
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Figure 2. Soybean plants growing in a field in Toowoomba, Queensland, Australia. Mutants unable to form nodules
(nod-) are stunted and pale compared with wild-type (WT) plants due to their inability to establish a symbiotic interac‐
tion with nitrogen-fixing Bradyrhizobium japonicum. Supernodulating mutants (nod++) are significantly stunted in
stature as a result of investing too much energy into forming nodule structures.

The AON pathway involves long-distance root-shoot signaling initiated during nodule de‐
velopment by the synthesis of a root-derived signal (Gresshoff and Delves, 1986; Delves et
al, 1986; Reid et al., 2011a). Recent work has indicated that this signal is likely a CLV3/ESR-
related (CLE) peptide(s) hormone (Okamoto et al., 2009; Mortier et al., 2010; Reid et al.,
2011b; Lim et al., 2011). In soybean, these CLE peptides are called Rhizobia Induced CLE1
(RIC1) and RIC2 (Reid et al 2011b; Lim et al., 2011). Grafting and over-expression experi‐
ments have shown that these signals travel to the shoot (Delves et al., 1986; Reid et al.,
2011b), likely via the xylem, where they, or a product of their action, are perceived by a LRR
receptor kinase, called the Nodulation Autoregulation Receptor Kinase (NARK) in soybean
(e. g. , Searle et al., 2003). NARK may act in a complex with other receptors, such as CLAVA‐
TA2 and KLAVIER (Miyazawa et al., 2010; Krusell et al., 2011). This perception results in the
production of a novel Shoot-Derived Inhibitor (SDI). The SDI signal subsequently travels
from the shoot back down to the roots, likely via the phloem, where it acts to inhibit further
nodulation events (Reid et al 2011a). It has recently been established in soybean that SDI is
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small (<1 kDa), Nod factor- and NARK-dependent, heat stable, and is unlikely to be an RNA
or a protein (Lin et al., 2010, 2011a). Recent work using soybean has also identified a number
of novel components that may interact with NARK directly, or that may function down‐
stream of NARK to regulate the AON process. These include genes identified using site-di‐
rected mutagenesis that encode Kinase-Associated Protein Phosphatases, called GmKAPP1
and GmKAPP2 (Miyahara et al., 2008), and genes identified using complete transcriptome
analyses (RNAseq), such as the putative Ubiquitin Fusion Degradation protein, GmUFD1a
(Reid et al., 2012).

Additional genes and factors also regulate nodule numbers. Root-specific genes in pea
(PsNOD3; Postma et al., 1988) and L. Japonicas (LjRDH1, Ishikawa et al., 2008; LjTML, Magori
et al., 2009) may have a role in the biosynthesis or translocation of RIC1 and RIC2, or in the
perception of SDI. However, the identity of these genes is not yet known. Loss of function of
LjASTRAY, which encodes a bZIP transcription factor (Nishimura et al., 2002), or MtEFD,
which encodes an ERF transcription factor (Vernié et al., 2008), also results in increased nod‐
ule numbers. Whether these genes function in the AON pathway remains to be determined.

Ethylene and nitrate are also known to inhibit nodule development (Carroll et al., 1985; Lor‐
teau et al., 2001; Ferguson et al., 2005 a,b; Ferguson et al., 2011). Mutations to ethylene sensi‐
tivity or response genes, such as LjETR1 and LjEIN2/MtEIN2, result in increased nodule
formation (Penmetsa et al., 2008; Gresshoff et al., 2009; Lohar et al., 2009). Interestingly, an
additional CLE peptide identified in soybean that negatively regulates nodule development,
called Nitrogen-Induced CLE1 (NIC1) is highly similar to RIC1 and RIC2, but is induced by
nitrate, not rhizobia (Reid et al., 2011b). Both the RICs and NIC1 appear to be perceived by
GmNARK, only the nitrate-induced CLE exhibits little-to-no mobility and is perceived in the
root, whereas the rhizobia-induced CLE undergoes long distance transport and is perceived
in the shoot.

6. Soybean: A model species for legume research

Soybean has been the subject of a great deal of research in an effort to identify unique traits
and to isolate superior cultivars offering improved growth and yields (Gresshoff 2012). It al‐
so represents an excellent model species for legumes in general (Ferguson and Gresshoff
2009), with outcomes frequently extrapolated to the other important food and feed legume
crops, such as bean, pea, chickpea, faba bean, lentil, peanut, clover and lucerne (e. g. , Rispail
et al., 2010).

Soybean represents one of the best characterized legumes species, both physiologically and
biochemically. It grows quickly, is high yielding, and has a size and stature that are well
suited for most field and laboratory studies (Figure 3). Its relatively large size enables the
harvest of large quantities of tissues and it is ideal for studies involving grafting (e. g. ,
Delves et al., 1986; Reid et al., 2011b), xylem sap analyses (e. g. , Djordjevic et al., 2007), Agro‐
bacterium rhizogenes-mediated transformation for gene over-expression and RNA interfer‐
ence (e. g. , Kereszt et al., 2007; Reid et al., 2011b; Lin et al., 2011b) and Virus-Induced Gene
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Silencing (VIGS) for functional genomics approaches (e. g. , Zhang and Ghabrial, 2006). Fur‐
thermore, soybean has a large germplasm, including vast mutant (Figure 2; e. g. , Carroll et
al., 1985; Bolon et al., 2011) and TILLING populations (e. g. , Cooper et al., 2008; Batley et al.,
2012).

Figure 3. Glasshouse grown soybean plants 1 and 3 weeks after germination. The fast, uniform growth of soybean,
together with the availability of its genome sequence and its amenability to most physiological, molecular and bio‐
chemical analyses makes it an ideal model species for legume research.
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Recently, the soybean genome was sequenced (Schmutz et al., 2010) and complete transcrip‐
tome analyses have been performed, including the generation of transcriptome atlases (Li‐
bault et al., 2010a,b; Severin et al., 2010; Reid et al., 2012; Hayashi et al., 2012). Together,
these resources provide an efficient non-targeted tool to identify new genes and patterns of
gene expression. Analyses between the genome of soybean and those available for other le‐
gumes species, including M. truncatula, L. japonicus, pigionpea and bean, also provide an ex‐
cellent opportunity for comparative legume genomics (Cannon et al., 2009).

Understanding the genes and genomes of legumes will help to establish elite cultivars that
benefit sustainable farming practices. Integrating central regulators of nodulation is essential
for such targeted legume crop improvement. Indeed, outcomes derived via soybean re‐
search could help to underpin future advances in managing the legume-rhizobia symbiosis
(e. g. , Rispail et al., 2010). This could lead to improved nitrogen use efficiency and reduced
nitrogen-fertilizer inputs, thus helping to reduce the monetary and environmental costs as‐
sociated with nitrogen-fertilizer use.

7. Conclusions and future perspectives

The processes of nodulation and nitrogen fixation have long been recognized for their agri‐
cultural benefits and ability to improve soil-health. Recent work identifying the genes and
signals involved in nodule formation and AON have significantly enhanced our under‐
standing of the processes and could provide targets for plant breeding and engineering pro‐
grams aiming to develop legume, and perhaps even non-legume, varieties with an
improved ability to acquire nitrogen.
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Soybean as a Nitrogen Supplier
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Additional information is available at the end of the chapter
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1. Introduction

Soybean has been cultivated all over the world since ancient times for its high protein and
lipid content. It is one of the most important agricultural products in the world and its glob‐
al production is more than 220 million tons per year [1]. Vegetable oil production from soy‐
bean is the highest among plant oils (30%) [2].

Soybean is used directly as food in Japan and several Asian countries. Recently, soybean
protein was recognized as both healthy and tasty and is used in food such as Tofu and soy
sauce. Soybean-meal, which remains after extraction of the vegetable oil, contains about 50%
protein with well balanced amino acids. Therefore, soybean-meal is often re-utilized as ani‐
mal foodstuff.

Soybean waste was utilized as an organic fertilizer prior to the 1940s [3-6]. However, a
chemical fertilizer took the place of the organic fertilizer because it produced faster results.
Organic fertilizers are now gradually being used again for increased food production safety
and the protection of the environment.

Soybean cultivation is well known for improving soil fertility [3, 7, 8]. Root-nodules are
formed by the soybean plant, and atmospheric N2 is fixed by the nitrogen fixing bacteria in
the root-nodule [9]. N2 is converted to NH4

+ by nitrogenase from these nitrogen fixing bacte‐
ria, and this NH4

+ is supplied to the soil environment.

Recently, investigations into the utilization of proteins from soybean waste have been carried
out for the development of high quality foods. Protein fractions, such as soy protein isolates and
whey protein are industrially produced, and these fractions are used as additives for the im‐
provement of food nutrition [10]. Moreover, several soybean proteins and peptides have been
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purified and utilized as  medicines for  hypotension,  rheumatism, and cholesterol  control
[11-13]. The bioactive peptides of soybean protein have also been investigated [5, 6].

This chapter explains how soybean cultivation and soybean protein are nitrogen suppliers
and describes the production of novel bioactive peptides from soybean and legumes.

2. Nitrogen supply by soybean cultivation

2.1. Nitrogen fixing bacteria

N2 is fixed by nitrogen fixing bacteria in the soil environment [14-17]. These bacteria convert
N2 to NH4

+. The biological reduction of atmospheric N2 to NH4
+ (nitrogen fixation) provides

about 65% of the biosphere's available nitrogen [18].

As long ago as 1890, a nitrogen fixing bacteria was isolated from a root nodule and identi‐
fied as Rhizobium leguminosarum [19, 20]. Shortly after this, Clostridium pasteurianum and Azo‐
tobacter sp. were also isolated as nitrogen fixing bacteria in the soil environment [21-23].
Now, more than 100 genera have been isolated and identified as nitrogen fixing bacteria.
Among them, genera Rhizobium, Bradyrhizobium, Azorhizobium, and Frankia lead to the for‐
mation of root-nodules in legumes [16].

Nitrogenase (EC 1.18.6.1) from nitrogen fixing bacteria catalyzes N2 to NH4
+ (N2 + 8H2 + 8e- +

16ATP + 16H2O → 2NH3 + H2 + 16ADP + 16Pi). NH4
+ is further converted to NO2

- and NO3
-

by ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB).

Figure 1. Soybean root nodule
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2.2. Relationship between nitrogen fixing bacteria and soybean cultivation

The roots of soybean secrete flavonoids and enhance the growth of nitrogen fixing bacteria
around the root [24]. The nitrogen fixing bacteria infect the soybean root, and the root-nod‐
ule is formed. Bacteroids in the root-nodule fix and provide nitrogen from the air [25]. Bra‐
dyrhizobium japonicum, B. elkanii, B. lianigense, and Sinorhizobium fredii have been identified as
the root-nodule forming bacteria in soybean cultivation [16, 26, 27].

The change in soil microbial diversity after soybean cultivation has been analyzed by PCR-
DGGE. Root-nodules were shown to be formed and specific bacteria were increased during
cultivation (Figures 1 and 2) but not the total number of bacteria in the soil. Soybean cultiva‐
tion caused nitrogen accumulation in the soil environment.

Figure 2. PCR-DGGE profiles of soybean cultivated soil, 1: Before cultivation, 2: after cultivation.
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3. Enhancement of nitrogen circulation by soybean cultivation and
soybean protein

3.1. Evaluation of nitrogen circulation in soil environment

The nitrogen cycle is illustrated in Figure 3. Organic forms of nitrogen such as protein are de‐
graded to peptides and amino acids by soil microorganisms, and these peptides and amino
acids are then converted to NH4

+. Subsequently, NH4
+ is further converted to NO2

- and NO3
-

(nitrification). NO2
- is denitrified to N2 by denitrifying bacteria and this N2 is converted to NH4

+

by the nitrogen fixing bacteria, and NH4
+ is accumulated in the soil environment again.

Figure 3. The soil nitrogen cycle

The nitrification process is the rate limiting step in the nitrogen cycle [28]. To further investi‐
gate the soil nitrogen cycle, a new method for the evaluation of nitrogen circulation activity
was constructed based on bacterial number, ammonium oxidizing activity (AOA), and ni‐
trite oxidizing activity (NOA) (Figure 4) [29]. These three indices were used to construct a
radar chart of nitrogen circulation in the soil. The area of the radar chart was calculated, and
then the value was treated as a nitrogen circulation activity (0–100 points).

3.2. Enhancement of nitrogen circulation

A database of nitrogen circulation activity was constructed using 155 agricultural soils (Fig‐
ure 5). The nitrogen circulation activity of agricultural soil ranges from 0 to 99.6 points with
an average of 26 points.
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A: Un-fertile soil, B: fertile soil.

Figure 4. Values of nitrogen circulation activity in soil environments

Figure 5. Database of nitrogen circulation activity in 155 agricultural soils
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Soybean cultivation leads to nitrogen accumulation in the soil environment, and therefore
nitrogen circulation activity should be enhanced by soybean cultivation. This enhancement
was further analyzed (Figure 6) and activity was shown to be enhanced 26 to 95 points after
soybean cultivation.

Soybean waste is also rich in nitrogen (Table 1), and is often used as an organic fertilizer.
Soil nitrogen is increased by using soybean waste as fertilizer, and consequently nitrogen
circulation is increased. Soybean waste is also rich in carbon (C/N values; 5.1), and therefore
soil bacteria and bacterial activity may also be increased by the addition of soybean waste.

Figure 6. Effect of soybean cultivation on nitrogen circulation activity in soil
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Component Value

Total carbon 450,000 mg/kg

Total nitrogen 87,500 mg/kg

Total phosphorous 6,100 mg/kg

Total potassium 18,900 mg/kg

C/N ratio 5.1

Table 1. Components of soybean meal

4. Bioactive peptides from soybean protein

4.1. Plant growth promoting peptides from soybean waste

For efficient use of soybean waste, it is treated with an alkaline protease from Bacillus circu‐
lans HA12 (degraded soybean meal products; DSP) [4, 6]. Plant growth promotion by DSP
has been investigated using various plant species [30]. The fresh weight of Brassica rapa was
shown to be increased by 25% through the addition of DSP (12 mg-peptides/kg-soil) (Figure
7). The growth of Solanum tuberosum L., Solanum lycopersicum, and Brassica juncea were also
promoted by addition of DSP. Moreover, DSP also produced thicker roots than a chemical
fertilizer, indicating that DSP contains bioactive peptides for plant growth.

Figure 7. Plant growth-promoting effect of DSP, A: Chemical fertilizer, B; DSP.

4.2. Root hair promoting peptide in DSP

The number of root hairs in B. rapa was increased and each was elongated when DSP (30
µg/ml) was added (Figure 8) to the soil. In order to analyze the root hair promoting effect by
DSP, the structure of the root hair promoting peptide (RHPP) in DSP was investigated [6].
Degraded products of Kunitz trypsin inhibitor (KTI) in soybean protein showed higher root
hair promoting activity, and the RHPP was purified by several chromatographic steps from
degraded products of KTI.
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Figure 8. Root hair promoting effect of DSP, A: Root of Brassica rapa grown in plant growth medium, B: root of B. rapa
grown with DSP in plant growth medium. Bar denotes 1 mm.

The molecular mass of RHPP was analyzed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) [6]. The molecular weight of the bioac‐
tive peptide was 1,198.2 Da (Figure 9), and the molecular weight of the amino acid sequence
in KTI was searched. Positions 27–38 in KTI (Gly-Gly-Ile-Arg-Ala-Ala-Pro-Thr-Gly-Asn-Glu-
Arg) were identical to this molecular weight, and this peptide was thus designated as the
RHPP (Figure 9). The RHPP that was chemically synthesized was also shown to have root
hair promoting activity (data not shown).

Figure 9. Amino acid sequence of RHPP in Kunitz trypsin inhibitor, the RHPP amino acid sequence is shown by gray
box.

5. Novel plant bioactive peptides from other legume

Many other legumes form root-nodules with nitrogen fixing bacteria. The nitrogen fixing
bacteria related to legume cultivation are classified into 13 genera (Rhizobium, Ensifer, Meso‐
rhizobium, Bradyrhizobium, Methylobacterium, Azorhizobium, Devosia, Burkholderia, Phyllobacte‐
rium, Microvirga, Ochrobactrum, Cupriavidus, and Shinella) and 98 species [31].

Legumes such as Astragalus sinicus, Trifolium repens, and Arachis hypogaea are cultivated as
green manure for the improvement of soil fertility. The host specificity of the nitrogen fixing
bacteria, M. huakuii, R. trifolii, and Bradyrhizobium sp., are very high, infecting A. sinicus, T.
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repens, and A. hypogaea, respectively [32]. These legumes are rich in proteins and form root-
nodules via the same mechanisms as soybean.

In order to find novel bioactive peptides, attempts to degrade protein biomass from A. hypo‐
gaea by various proteases (thermolysin, subtilisin, proteinaseK, and trypsin) were made. Bio‐
activities of root hair and lateral root formation were found by degradation with
proteinaseK (Figure 10). Degraded products of A. hypogaea by proteinase K (30 µg/ml)
showed strong root hair promoting activity at the same level as DSP. Moreover, degraded
products of A. hypogaea promoted lateral root growth in B. rapa, suggesting that degradation
of legume proteins has a possibility to produce new bioactive peptides.

Figure 10. Bioactive effect of degraded products of A. hypogaea on root of B. rapa, A: Root of Brassica rapa grown in
plant growth medium, B: root of B. rapa grown with degraded products of A. hypogaea. Bar denotes 1 mm.

6. Conclusion

Soybean supplies nitrogen into the soil environment by forming root nodules and accumu‐
lating protein in its seed. Soybean cultivation has been shown to enhance nitrogen circula‐
tion by about 3.6 times accompanied with increases in nitrogen fixing bacteria.

DSP has been shown to increase the fresh weight of plants, and a peptide from DSP promot‐
ed root hair formation in B. rapa. Moreover, other bioactive peptides were found by degra‐
dation of proteins from A. hypogaea with proteinaseK treatment. The proteins of legumes
will also become nitrogen sources for plant growth and the soil environment.
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Chapter 4

How to Increase the Productivity of the Soybean-
Rhizobial Symbiosis

Denis M. Sytnikov

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51563

1. Introduction

Fixation of molecular nitrogen is one of the processes determining the biological productivi‐
ty of our planet, which is why its study is one of the primary tasks of modern biology. The
nitrogen cycle in nature is one of the key components of biogeochemical cycles of the Earth.
The atmosphere consists of almost 80% (by volume) of the chemical element and is its main
source. Nitrogen makes up a part of proteins and other molecules that form the basis of the
structural organization of all levels of life. Humans and animals need it in the form of ani‐
mal and vegetable protein. Plants need it in the form of salts of nitric acid and ammonium
ions. [1-3].

The economic and environmental crisis, the decline in the quality of crop production, and
the deterioration of the natural fertility of soil - are all reasons for increased attention to bio‐
logical farming, which focuses on using the potential of natural ecosystems, in particular, ni‐
trogen-fixing microorganisms.

Microorganisms which assimilate molecular nitrogen in the atmosphere are diazotrophs and
they have a similar biochemical mechanism of nitrogen fixation. There are two main groups
of nitrogen-fixing microorganisms, those that enter into a symbiosis with plants and those
living freely in the soil. The second group includes associative nitrogen fixers and microor‐
ganisms, more adapted to a free existence in the soil. The division of nitrogen fixers into
freeliving and associative is conditional, since the ability to live freely in the soil is typical to
all nitrogen-fixing bacteria, whilst only symbiotic nitrogen fixers are able to assimilate mo‐
lecular nitrogen very closely with plants. Links of cyanobacteria with other organisms can
be quite diverse: there are phycobionts in lichens which live in the air-cells of mosses, in the
leaves of water ferns, and in other places. It should be noted that the potential of symbiotic
nitrogen fixers is significantly higher than of those that are free living [4-7].
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The symbiotic and associative systems of plants and diazotrophs are an example of the evo‐
lution of the interaction of living organisms. Their study is particularly relevant with the im‐
plementation of highly productive and environmentally friendly farming. The biological
fixation of molecular nitrogen from the air is a process of fixation and assimilation of nitro‐
gen by microorganisms. It is of great practical importance, since the industrial production of
chemical nitrogen fertilizer requires significant use of costly energy resources, which by
themselves can be harmful for the environment. A comprehensive study of this problem is
necessary due to the need to create new and effective biological preparations. The creation
and use of biological agents on the basis of nitrogen-fixing microorganisms is the most justi‐
fiable method of increasing the productivity of plants and the quality of their harvest, which
allows maintenance of the natural fertility of soils and the ecological balance of the environ‐
ment. Their use makes it possible to regulate the number and activity of beneficial micro‐
flora in the rhizosphere of crops, and to provide plants with nitrogen fixed from the
atmosphere. For example, in addressing the shortage of high-grade protein the key role be‐
longs to the soybean. However, the soils on which the crop is grown for the first time [8]
usually do not have nodule bacteria compatible with soybean or bacteria number is small
(up to 20 per gram of soil).

2. Legume Lectins as a Factor in an Effective Symbiosis

The full establishment and functioning of the legume-rhizobial symbiosis depends signifi‐
cantly on a number of abiotic, biotic and anthropogenic factors. In particular, the effective‐
ness of symbiotic nitrogen-fixing is affected by temperature, aeration, pH level and moisture
content of the substrate, the presence of pesticides, the content of nitrogen and other macro-
and micronutrients. Of further importance is the virulence and activity of root nodule bacte‐
ria. The study of the influence and the establishment of the degree of importance of different
factors to the effectiveness of symbiosis, will determine the conditions, and help to develop
methods of optimizing the functioning of the symbiotic systems.

Wide dissemination of lectins in a variety of plants and the presence of these proteins in vir‐
tually all organs and tissues of plant organisms demonstrate the importance of their role in
life processes. Initially it was assumed that the presence of lectins was a distinctive feature
of seeds from the legume family. However, the number of organisms in which lectins have
been found is increasing every day and there is reason to believe that all the above men‐
tioned plants as well as algae, lichens and fungi contain lectins [9-11]. Nevertheless, in the
present day researchers focus much of their attention on lectins of leguminous plants, the
increased study of which leads us to understand the activity of these proteins in relation to
the structure of the latter.

Legume lectins are a large group of carbohydrate binding proteins derived mainly from
seeds. Lectins contained in the seeds of legumes, are localized in the proteins and make up
approximately 10% of soluble protein extract. In recent years it has been found that these
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proteins are present in other parts of plants, including stems, leaves, bark, roots, and root
nodules. Lectins accumulate in the vacuoles of cells and can come to the surface of the
plants. They can also be associated with membranes and cell walls [12-15].

The basis of the biological activity of lectins is a reversible reaction with carbohydrates,
which defines the different types of biological reactions [16] and their physiological signifi‐
cance. Lectins do not have uniform structural characteristics. In legumes, these proteins are
generally composed of two or four subunits with a molecular mass of 25 000 - 30 000 and
each having one carbohydrate binding site [15, 17]. Lectins can interact with both mono-and
oligosaccharides, as well as the remnants of carbohydrates present in the complex organic
substances - glycoproteins, polysaccharides, and glycosides. In the early 1980’s there was es‐
tablished a carbohydrate specificity for many legume seed lectins. However indisputable
physiological carbohydrate ligands for any of these proteins have not been identified [14].

Over the past half-century many hypotheses were developed regarding the role of lectins in
the life of legumes, but so far none of them have been fully confirmed. These proteins were
detected due to their ability to bind carbohydrates, and most hypotheses about their func‐
tions are based solely on this wonderful property. Since it is known that the plant may con‐
tain a significant number of lectins, which are localized in different tissues and may form a
gene duplication, while carrying out a variety of functions, it is believed that any attempt to
dedicate a specific role to these proteins is doomed to failure [14].

An important feature of most of the representatives of the family Fabaceae (Legumes) is the
ability to enter into symbiotic relationships with rhizobia. They belong to the family of Rhizo‐
biaceae (bacteria genera Rhizobium, Bradyrhizobium, Mezorhizobium, Sinorhizobium, Azorhizobi‐
um), and form special structures on the roots called nodules. Lectins are considered as a
component of the molecular and chemical interactions underlying the formation of symbiot‐
ic structures [6, 9, 11]. The symbiosis between rhizobia and legumes is based on a complex
sequence of morphophysiological changes in the cells of both partners. Stages in the develop‐
ment of symbiosis are: preinfection (chemotaxis of bacteria, the exchange of signals, the ad‐
sorption of microsymbionts on the root surface), infection of the roots and development of
nodules (penetration, formation of infection threads, the transformation of rhizobia into bac‐
teroids), as well as the functioning of the nodules of nitrogen fixation [9, 18, 19].

Plants throughout their lifespan release various matter into the environment. The presence
of lectins has been found in the soil [20], which are secreted during the germination of seeds
together with other biologically active substances [21]. It is believed that in the first stages of
interaction between rhizobia and legumes an important role is played by the chemotactic re‐
sponse to bacteria. Nodule bacteria and other soil microorganisms, in response to plant exu‐
dates, stimulate the reproduction and active movement of bacteria towards the roots,
colonizing the rhizosphere and rhizoplane. A positive chemotaxis of rhizobia on the root
exudates and germinating seeds can be either nonspecific (due to the excretion of organic
acids, carbohydrates, vitamins), or specific (induced by flavonoids and lectins) [9, 18, 22].

The initial stage of many plant-microbe interactions is recognition of partners, which is
largely due to the exchange of molecular signals [23, 24]. This process begins with the exu‐
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dation by the host plant of chemicals such as flavonoids and betaines that induce the gene
expression of nodulation in rhizobia [25]. Flavonoids induce the transition of bacteria from
free-living to those in a symbiotic state [26]. The first chemically-characterized inducer of the
expression of nod-gene was luteolin, drawn from the extract of lucern seeds [27]. For each
type of rhizobia, plants produce individual flavonoid signals that can stimulate or inhibit
the nod-genes of rhizobia [28]. The identification of factors by microorganisms which are re‐
leased by plants initiates physiological processes required for the infection of the host plant.
In turn, the microbial signals induce the plant to express the genes required for the forma‐
tion of responses [5, 18, 25, 29]. Amongst the signals produced by the bacteria, the most
studied are the lipoсhitooligosaссharide Nod-factors [14, 24]. During the formation of sym‐
biotic relationships lectins on the plant recognize the nod-factor signal released by the bacte‐
ria. It is believed that lectins binding to the bacteria whith the surface of root hairs are able
to identify the rhizobial signaling molecules, through surface polysaccharides on the rhizo‐
bia [14, 30]. It has been shown that the lectin of dolichos roots, which is localized on the sur‐
face of root hairs, is able to connect with some of the Nod-factors [14]. Furthermore, from
the soybean root tissue there has been found and characterized a chitin-binding protein of
the plasma membranes of cells. The presence of this protein and the specificity of the induc‐
tion of the biological response to the binding of ligand Bradyrhizobium japonicum indicates its
importance in the initiation of response to the binding of chitin in soybean [31].

Therefore Nod-factors play the role of a trigger mechanism for initiating bacterial invasion
and nodulation of the plant [24]. Lipopolysaccharides inform the plant about the transition
to a symbiotic interaction and the formation of the so called functional areas [32]. Legume
plants are unique in their ability to form a response to Nod-factors, which consist of a prepa‐
ration for the penetration of bacteria into the roots. Unfortunately, we do not know how the
representatives of this family developed the ability to recognize such signals and how they
improved upon these mechanisms [26].

An important stage of preinfection is the adsorption of bacterial cells on the surface of root
hairs [33, 34]. The process of attachment of the bacteria from the Rhizobiaceae family consists
of several stages with the participation of bacterial surface proteins in the first stage (rickad‐
hesin, porin) and polysaccharide fibrils in the second stage. The first stage, involving pro‐
teins, is more decisive for the success of infection than the second stage, mediated by
specific cellulose fibrils. The latter promote the retention of bacterial cells on the surface of
the plant, but are not necessary for the infection [35].

The adsorption of rhizobia has also been associated with the ability of legumes to synthesize
specific glycoproteins called lectins, which bind to polysaccharides on the surface of rhizo‐
bia cells [36, 37]. It is believed [33, 34] that the ability of rhizobia to be adsorbed on the sur‐
face of the roots of the host plant (like the chemotaxis) may be either specific or nonspecific.
The initial binding of rhizobial cells to the surface of root hairs occurs by the means of exo‐
polysaccharides (EPS). The degree of affinity between EPS microsymbionts and host plant
lectin determines the degree of homology between the symbiotic partners and provides an
advantage over other homologous strains in the process of plant infection.
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Dazo and his co-writer [38] proposed a model of the attachment of rhizobia to the surface of
the roots of dicotyledonous plants. The first phase is non-specific attachment which is char‐
acterized by the fact that the polyvalent host plant lectin binds carbohydrate receptors on
the cell surface of nodule bacteria. This results in an intercellular “bridge” between lectin
and polysaccharide. The second phase is the "anchoring" of bacteria on the surface of plant
cells. This is the phase of specific attachment. The bacterial cells attach to the plant cell,
which is the signal for further stages of infection. At this point microfibrils are formed be‐
tween the contacting surfaces which consist of cellulose [35].

The "Lectin" hypothesis which explains the specificity for formation of nodules as resulting
from the complementary interaction of the surface structures of bacterial and plant cells.
This forms an "antigen-antibody" complex, which was first recognized in the early 1980’s.
Although initially a controversial subject, Diaz and co-writer [39] provided strong genetic
evidence that the root lectins of legumes determine the specifics of symbiosis development.
They injected special strains of Agrobacterium into the roots of clover through transfer of the
psl gene (codes for synthesis of pea lectin). This resulted in clover acquiring the ability to
form nodules with pea rhizobia. A similar study ten years later had the same result [40].
Transgenic lucerne plants carrying genes encoding soybean or pea lectin generated a struc‐
ture similar to that of the root nodule in response to incoulation with pea and soybean nod‐
ule bacteria producing the specific Nod-factor. However not all of the structures created
were able to form complete infection threads. The results confirm the importance of the
presence of lectin in establishing contact between the symbionts and demonstrates the
unique role of exopolysaccharides (EPS) in the formation of nodules. Galega officinalis and
orientalis are other examples demonstrating the importance of lectins in legume-rhizobial
symbiosis. The validity of this result is confirmed by sequencing the amplifiers of DNA ex‐
tracted from the seeds of the mentioned crops from different geographical locations [41].

Therefore numerous experimental data confirms the important role of lectins in the early
stages of the symbiosis and suggests the involvement of these proteins in a variety of phys‐
iological processes of plants.

Once they have prepared each other with molecular signals, the partners begin to form the
structural basis of symbiosis - a nodule. This leads to a morphophysiological differentiation
of bacterial and plant cells [18, 25]. Nod-factors control the phenotypic changes that occur in
the roots of the host plant (the initial stage of symbiosis.) In addition there is also the defor‐
mation and proliferation of root hairs [25], the expression of early nodule genes [5], the in‐
duction of mitotic divisions in the cortex, followed by the onset of the first stages of
histogenesis of nodules [42, 43].

Based on the assumption regarding the participation of lectins in various physiological proc‐
esses in the formation of symbiosis, much attention was paid by researchers to the study of
the direct effects of plant lectins on the manifestation of the symbiotic properties of nodule
bacteria. In particular, it has been shown that the incubation of nodule bacteria Bradyrhizobi‐
um japonicum whith soybean root exudates and lectin from its seeds increased the activity of
nodule formation in the mutated soybean HS 111, characterized by delayed nodulation, and
in doubling the number of nodules formed by wild strain USDA 110 [44]. Later it was
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shown that treatment of rhizobia by specific plant lectin increases their virulence and com‐
petitiveness [34], and also increases the quantity of infectious threads in the roots of legumi‐
nous plants [45]. The particular modulating effect of the plant lectin on the formation and
functioning of symbiosis has been established, which is manifested in the stimulating effect
on partners, homologous data of the proteins, and the neutral or suppressive reaction of lec‐
tin which is not in accordance with the symbionts [46]. Moreover it is shown that the incuba‐
tion of nodule bacteria with homologous lectin has a positive effect on the symbiotic
properties of the active strain Bradyrhizobium japonicum 634b, and the intensity of the basic
physiological processes in plants - nitrogen fixation and photosynthesis. The introduction of
the same protein into an inactive strain of rhizobia suspension Bradyrhizobium japonicum
604k has a suppressive effect on the symbiotic system which it took part in forming as well
as the stated processes [47]. It has also been found that the nature of the influence of homol‐
ogous lectin on the growth of nodule bacteria in a axenic culture and the biosynthesis of ex‐
tracellular carbohydrates [48], the ability of rhizobia to form nodules and their nitrogenase
activity, as well as its impact on the productivity of host plants depends on the concentra‐
tion of this protein in the bacterial suspension [49].

Co-incubation of nodule bacteria with lectin enhances soybean growth processes in the early
stages of ontogeny as well as in the functioning of the symbiotic system, increases the nitro‐
gen-fixing activity and, consequently, the productivity of plants [47, 49, 50]. This is why in
recent years work was done on the selection of the optimal concentration of the homologous
lectin, and the length of time of its co-incubation with the culture of Bradyrhizobium japoni‐
cum in the production of bacterial fertilizers both in liquid and solid form. Lectin is used as a
growth stimulating biologically active substance, which is introduced into the culture of
bacteria under certain conditions [51].

In the bacterial model Bacillus subtilis where antibiotics were used as metabolic inhibitors,
which block the processes of replication, transcription or transmission, there was established
an ability of carbohydrate-binding proteins, lectins of plant origin, to have various effects on
intracellular processes. Among the presumed processes affected by lectins were reparative
functions [52]. It was also found that lectins from the seeds of leguminous plants that have a
high molecular weight (> 100 000 Da) can stimulate the respiration of some Rhizobium. Ac‐
cording to the authors [53], this effect is induced by the lectins, and significantly increases
the interaction of lectin-Rhizobium due to the physiological properties of the bacteria.

The presented data gives cause to consider the homologous lectin, not only as a receptor or a
signaling molecule in the initial stages of symbiosis, but also as a molecular signal that
changes the metabolism of rhizobia, which significantly affects their symbiotic properties
and the physiological status of the host plant.

In the process of development of nodules in legume plants, lectins are localized at least in
three different places. Their possible functions are related to areas of infection on the surface
of the roots. In the nodule primordia lectins can stimulate mitotic activity reducing the
threshold of sensitivity to the rhizobial Nod-factors. At the same time, in the central part of
the mature nodule, lectins can function as spare nitrogen compounds [54].
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the mature nodule, lectins can function as spare nitrogen compounds [54].
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It is thought that legume lectins are involved in the formation of nodules. The activating ef‐
fect of lectin on the synthesis of extracellular and capsular polysaccharides of rhizobia is
shown, which in turn induces the formation of infection threads [55]. Data for the study of
lectin gene expression during the development and functioning of root nodules of lucerne
provided evidence supporting the involvement of these proteins in the early stages of the
ontogenesis of nodules [56]. A study has been made of a number of genes and plant proteins
encoded by them, which play a role in the formation and functioning of root nodules.
Among them is a lectin related to the pea ps1 gene with the presumed function as a mitotic
stimulator and soybean lectin le1, which takes part in the attachment of cells [19].

It is established that the proteins extracted from lupine and soybean nodules are capable of
hemagglutinating activity. A comparative analysis of the nitrogen-fixation of soybean nod‐
ules and the lectin activity of the protein extracts from these nodules revealed a link be‐
tween these rates in ontogenesis [57]. This data suggests that the proteins which are capable
of lectin activity may be directly involved in the processes of nodule functioning.

A hypothesis was made by Antoniuk and his co-writer that the lectin of wheat germs acts as
a signal for Azospirillum brasilense, which changes the metabolism of the bacteria in a direc‐
tion favorable to the growth and development of the host plant [58, 59]. According to the
authors, the level of lectin in the plant depends on a number of conditions and is one of the
factors responsible for the variability in the results of wheat inoculation.

Nodule bacteria penetrate the plant cell (as opposed to Azospirillum) and transform into bac‐
teroids, which do not divide, but only increase in size. Nonetheless a number of analogies
can be made between the influence of the wheat germ lectin on Azospirillum and the influ‐
ence of a specific legume lectin on Rhizobium. In the first as well as in the second case, the
homologous lectin has a positive effect on the symbiotic properties of bacteria, which pro‐
motes a more efficient interaction between the partners in the different symbiotic systems
that they create. There remains the little-studied question regarding the participation of lec‐
tins in the functioning of the symbiotic apparatus of legumes, but it is possible that the pres‐
ence of proteins with lectin activity in the nodules is associated with the biosynthesis of
proteins (including nitrogenase) in bacteroids and in ensuring conditions for the effective
functioning of their symbiotic system.

Legume lectins may influence the receptor and signaling molecules during the stages of the
symbiosis. Hemagglutinating activity of the proteins contained in the nodules, varies de‐
pending on the efficiency of their functioning. Specific lectins are able to modify the symbi‐
otic properties of the nodule bacteria which positively affect the physiological status of the
host plant and, ultimately, the effectiveness of the symbiotic system. Uncovering the role
that lectins have in the functioning of the symbiotic apparatus of legumes requires further
research. At the same time these proteins can be regarded as one of the factors for the effec‐
tive symbiosis, which must be considered when developing and implementing new ap‐
proaches to the management of production process in legume plants.
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3. Biotechnology of Diazotrophs

Microorganisms which are the basis of biological preparations must comply with certain re‐
quirements, as well as have certain properties including virulence, activity and effective‐
ness, specificity, competitiveness, and technological properties (the ability to accumulate
titer in the standard and production environments). Among the general requirements for
the development of new biological preparations are the following: a high titer of active bac‐
teria cells, the desired length of shelf life, transportability, technological properties (solubili‐
ty, the ability to stay on the seeds, etc.), as well as the economic efficiency of their
production.

The efficiency of symbiotic systems, "plant - microorganism" is defined by the virulence and
level of activirty of microsymbionts. Virulence of nodule bacteria for example is the ability
to penetrate into the soybean root through root hairs and lead to the formation of nodules
by complex morphophysiological changes. The first stage of virulence is tumorgenic activity
which is the ability to form tumors on the roots. Truly virulent strains are characterized by
nodulating activity (nodulation), the ability to form complete nodules. A nodule is a com‐
plex organ of the plant, the main structure of which is made up of: tissue infected with bac‐
teria where molecular nitrogen is fixated; conductive tissue through which photosynthates
are delivered and products of nitrogen fixation are taken out; and the meristem, due to
which the growth of nodules occurs [1, 5, 18].

At certain stages of the formation of associative rhizocenosis and legume-rhizobial symbio‐
sis, other important properties of bacteria develop such as: nitrogen-fixing activity - the re‐
covery rate of which is N2 in NH3, and symbiotic effectiveness - the ability of plants to
develop intensively, using symbiotrophic feeding on nitrogen. Symbiotic efficiency is to a
great extent determined by the nitrogen-fixing activity of nodules, especially in conditions
where there is a shortage of fixed nitrogen, but the efficiency of the symbiosis also depends
on a number of factors not directly linked to nitrogen fixation. An important role in deter‐
mining the productivity of plant-bacterial interactions can be played by the compatibility of
the metabolic systems of the partners (for example, ways of transporting nitrogen and car‐
bon), and the absence of active defense reactions in plants in response to the presence or the
penetration of microorganisms. Bacteria found in the rhizosphere or nodules can synthesize
substances that stimulate (phytohormones, vitamins) or inhibit (rhizobiotoxins) the develop‐
ment of the host plant. It has been found that the effective and ineffective strains of nitro‐
gen-fixing bacteria differ on a number of biochemical parameters. Effective strains most
probably have a far richer metabolic fund, and their acidifying- restoring processes occur
more actively [1, 3, 6, 18].

Specificity is the ability of bacteria to selectively interact with a particular species or group
of plants. Specificity is one of the important systematic characteristics of nodule bacteria and
is closely linked to their activity. Rhizobium for example is divided into: active, low-active,
and non-active. It should be noted that the virulence of the bacteria and the activity may de‐
pend on the certain strain, species, varietal specificity of the plant, soil, climatic conditions
and other factors [5, 6, 18].
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Different races of nitrogen-fixing bacteria compete with each other. The more virulent
strains will more actively colonize or inoculate relative to other strains, the root system of
plants specific to them. Researchers have different interpretations of the concept of bacteria
competitiveness. Some consider it to be the ability to compete with the strains which sponta‐
neously inoculate the plants; while others consider it to be resistance to the local saprophyte
microflora and to displace the local strains [60, 61].

There are several methods for application of microorganisms to plants: a liquid culture,
preparations on gel substrates (bacterial exopolysaccharides, silica gel, highly dispersed ma‐
terials) and applications on solid carriers (vermiculite, lignin, perlite, peat) [6, 62]. Obtaining
the production-strains of nitrogen-fixing bacteria and the creation of biological preparations
based on them - is a long process of research and production (Fig. 1), in which we can distin‐
guish the following stages:

1. Research:

- reisolation of the nitrogen-fixing microorganism from its natural habitat;

- an introduction into the culture and analytical selection of perspective strains;

- generation of new highly effective strains using genetic engineering methods;

- the study of physiological and biochemical characteristics, symbiotic properties, competi‐
tiveness, efficiency and technological properties of nitrogen-fixing bacteria;

- conducting research trials, registration, depositing and patenting of the strains;

- cultivating of axenic cultures of microorganisms in museum conditions.

2. The preparatory stage of production:

- preparation of nutritional medium, and nutrient supplements;

- revival of the physiological activity of nitrogen-fixing bacteria after storage (reseeding of
culture, reactivation on a shaker at constant temperature and aeration);

- establishing a system of air purification, and other activities (if necessary) predetermined
by the specifics of the production.

3. Production process:

- the cultivation of bacteria on industrial shakers, in flasks or in fermenters (bioreactors in
the form of specially constructed chambers, in which occurs the process of growing microor‐
ganisms and fermentation);

- selection of the final product (obtaining a liquid culture of the microorganism);

- preparation of the carrier (packing and sterilization of the substrate, the introduction nu‐
trient supplements), or containers for the liquid substance (sterilization of containers);

- inoculation of the used carrier.

4. Storage or incubation of the biological preparations under certain temperature conditions.
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5. Quality control (titer of bacterial cells / 1g of the preparative form, the presence of foreign
microflora).

6. Treatment of wastewater and gas emissions, recycling waste.

The general scheme of production (see figure 1) includes the above mentioned stages; how‐
ever each case has its peculiarities. This is due to the degree of complexity of each separately
organized biotechnological process (laboratory conditions, the use of shakers, industrial
rockers, different fermenters), and the technological requirements of cultured organisms
and choice of the preparative form of the final product (liquid culture, different carriers). For
example, a kit for the fermentation of microorganisms in liquid media may consist of inocu‐
lation and production fermentors, air purification systems for fermentation, a set of connect‐
ing tubes, as well as the compressor and the gas meter.

Figure 1. The scheme of creation and production biopreparations, based on nitrogen-fixing bacteria (Sytnikov, 2012).

After establishing a positive impact of the soil microflora on plant productivity, the question
arose about the practical application of micro-organisms, in particular those fixing atmos‐
pheric nitrogen. The creation of biological products on the basis of nitrogen-fixing bacteria
was dictated by the need to preserve their life and functional activity in a specific prepara‐
tive form (nutrient medium or substrate) aiming to widen its practical application.

The first biological preparation based on the nitrogen-fixing nodule bacteria - Nitragin, was
produced in Germany in 1896 [63]. In the Soviet Union the preparation Rizotorfin was creat‐
ed and widely used. It is a peat substrate with nutrient supplements containing highly ac‐
tive and competitive strains of rhizobia for a specific type of legume plants. Bacterial
fertilizers for legume plants based on symbiotrophic nitrogen fixers are the most commonly
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used biological preparation of diazotrophs. For example, in the United States Nitragin and
Double-noktin were produced and used on hundreds of thousands of hectares of crops. In
other countries the following compounds were used: Nitrosoil and Nitrum in Argentina and
Uruguay, Rhizoctonia in New Zealand, Tropical-inoculum, Nodulite and Nitrogerm in Aus‐
tralia, Ariss Agro in India, and Okadin in Egypt [64]. In Ukraine, up to 20% of crop cultures
(predominantly soybean) are inoculated by biological preparations [3].

To inoculate the seeds the most commonly used preparations are based on nodule bacteria
from the families of Rhizobium, Bradyrhizobium, Sinorhizobium for the legume plants on the
basis of vermiculite or perlite under the general name of Rizobofit. Symbiotrophic nodule
bacteria provide nitrogen fixation of up to 350 kg / ha in lucerne during the second year of
vegetation [65], as well as up to 280 kg / ha for soybean [66] and 70 kg / ha in pea [9]. As a
result of many years of research it has been found that the inoculation of plants with high
efficiency strains of rhizobia increases the productivity of legumes by an average of 10-25%
[67]. On the basis of associative nitrogen-fixing bacteria, there has been developed a technol‐
ogy of production of a whole line of biological preparations. The list of biotechnological
products and microbial preparations for crop production, has increased considerably over
the past decade and includes products that are based on free-living, associative, symbiotro‐
phic nitrogen-fixing bacteria, and phosphate-mobilizing bacteria, as well as products of bi‐
nary action obtained from a combination of various microorganisms [6, 62, 64].

4. Ways to Improve the Productivity of the Soybean-Rhizobial Symbiosis

One of the objects with prospects in biotechnology are cyanobacteria because of their ability
in photosynthesis, nitrogen fixation, the synthesis of biologically active substances and
growth activating substances. These substances positively influence on soil fertility and the
activity of soil biota. Cyanobacteria are closely linked to the bacteria such as Rhizobium,
Agrobacterium, Pseudomonas, and are capable of forming a new stable association that opens
the perspective for the creation of efficient microbial consortia and preparations based on
them. Positive results were obtained when using in agricultural biotechnology artificial al‐
gae-rhizobial associations to inoculate the seeds of lotus, peas and clover. To date, it has
been proved that under the influence of artificial consortia on the basis of Nostoc and various
Rhizobium the effect of nitrogenation is enhanced on leguminous plants [6, 68-70].

The co-treatment of lucerne seeds by nitrogen-fixing bacteria and cyanobacteria Nostoc punc‐
tiforme, as well as by their binary compositions stimulates plant growth and development. It
was found that the most effective method was co-inoculation by cyanobacteria with certain
Tn5-mutants of Rhizobium when compared to inoculation by monocultures [71]. We have al‐
so studied the reaction of soybean Glycine max (L.) Merr. to inoculation by algal-rhizobial com‐
positions based on the nodule bacteria Bradyrhizobium japonicum, and cyanobacteria Nostoc
punctiforme [72]. It is shown that the inoculation of soybean seeds by algal-rhizobial compo‐
sitions enhances germination and positively influences seedling formation. The inclusion of
cyanobacteria into the inoculation suspension of rhizobia and Tn5-mutants in certain combi‐
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nations can stimulate the growth and development of soybean, the accumulation of photosyn‐
thetic pigments in the leaves and the protein content in seeds. However, it does not have a
significant effect on the activity of nitrogen-fixing nodules, and plant productivity. This da‐
ta indicates the need to find effective algal-rhizobial complex compositions to inoculate soy‐
bean plants by the optimal selection of the strains of bacteria and the ratio of inoculating
agents. In our opinion further study is also required of the algal-rhizobial compositions cre‐
ated on the basis of microorganisms with genetically modified properties.

Creation and selection of compatible algal-rhizobial associations, including the axenic cul‐
tures of cyanobacteria and nodule bacteria as well as their Tn5-mutants may be one of the
methods of biologically stimulating legume-rhizobial symbiosis, which enhances the signifi‐
cance of the interaction of rhizobia with plants and the efficiency of bacterial preparations
based on them.

In the formation of legume-rhizobial symbiosis the essential components of the interaction
of the symbiotic partners are polysaccharides which are synthesized by nitrogen-fixing bac‐
teria. Perhaps it was under the influence of these substances, acting as elicitors in the early
stages of the morphogenesis of nodules, that gene activation occurrs for a number of plant
genes that "sit in silence" in the uninoculated plant roots.

It has been suggested that the polysaccharides of non-rhizobial origin, as well as glycopoly‐
mers of rhizobia, are able to mimic the action of phytohormones and stimulate the processes
of nodulation and morphogenesis in the legume-rhizobial symbiosis [73]. It is shown that
the cells of nodule bacteria during the action of exogenous polysaccharides (Baktozol) in‐
creased in growth, produced more biomass and changed the activity of some enzymes of the
nitrogen exchange [74, 75]. The stimulating effect of the synthetic polysaccharide (PS
MOD-19) on the growth of rhizobia, biomass accumulation and changes in their metabolism
during the growth of bacteria on solid and liquid media in the presence of the biopolymer
was later revealed. During the processing of the seeds of peas (Pisum sativum L.) prior to
sowing whith PS MOD-19 there was found an increased rhizogenesis in plants, an increased
peroxidase activity in plant cells, as well as the increase of the effectiveness of symbiosis as a
whole due to secondary formation of nodules on side roots and the prolonging of the period
of their active nitrogen fixation [76]. In this regard, synthetic polysaccharides may be of in‐
terest as biologically active compounds for practical application, in particular, for the expan‐
sion of the range of substances that can stimulate the growth activity of rhizobia and, to a
greater extent, enhance and prolong the activity of nitrogen-fixing nodules formed on roots
of leguminous plants. The latter circumstance is of particular importance for legumes with a
short vegetation period, of which the most vivid representative is the pea [73]. In our opin‐
ion, further study of the stimulating effect of polysaccharides of different origin is a promis‐
ing direction of improving the efficiency of legume-rhizobial symbiosis.

Our studies also show the effectiveness of biological products of nodule bacteria modified
by homologous lectin, and the economic feasibility of their use [47, 49-51, 77-79]. In accord‐
ance with the existing concepts about the mechanisms of interaction of plants with rhizobia,
polysaccharides of the latter are a factor which provides a "recognition" by the bacteria of
the corresponding host plant through complementary binding to the plant lectin. Lectins are
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proteins that have the ability to reversibly and selectively bind to carbohydrates and carbo‐
hydrate parts of biopolymers without changing the covalent structure of the latter [77, 79].
Along with other biologically active substances legume lectins during the germination of
seeds secrete themselves into the environment [21]. These proteins stimulate the prolifera‐
tion and active movement of soil microorganisms to the roots, and influence the growth of
microsymbionts and the synthesis by them of exoglycans [48]. Plant lectins are regarded as
one of the factors of effective symbiosis, which is also proposed for consideration when de‐
veloping and implementing new approaches to the management of production processes in
legume plants [77]. It is known that treatment of rhizobia by plant lectin specific to them has
a positive effect on their virulence and competitiveness [34], and also increases the nitrogen-
fixing activity of root nodules. Lectin acts on the biosynthesis of nitrogenase [58, 59] in the
bacterial cell. As a consequence, pre-incubation of rhizobia with homologous lectin enhan‐
ces the growth processes of plants and increases the productivity of the symbiosis [47].

The results of our studies indicate to the prospects of using bacterial agents modified by ho‐
mologous lectin, both liquid and manufactured on a solid carrier (Table 1).

The use of this protein makes it  possible to improve the efficiency of the symbiotic sys‐
tem of soybean Glycine max (L.) Merr. and increase its productivity. The tests showed that
the concentration of homologous lectin of 100 mcg / ml of bacterial suspension Bradyrhizobi‐
um japonicum is the optimal dose in both physiological and economical aspects in the man‐
ufacture of rhizobia preparations using perlite as a solid carrier (Table 2). In addition, the
effectiveness  has  been  established  of  using  bacterial  preparations  modified  by  homolo‐
gous lectin, on the basis of active production-strains of rhizobia and some Tn5-mutants (T66
and T3-11) [78].

Carrier
Lectin concen-

tration, µg/ml

Seed yield,

cwt/ha

Yield increment

relative to control

cwt/ha %

Liquid

0 29,3 ± 2,7 – –

100 36,6 ± 1,5 7,3 24,9

300 32,5 ± 1,8 3,2 10,9

Perlite

0 34,6 ± 1,2 – –

100 43,1 ± 1,1 8,5 24,5

300 40,3 ± 1,7 5,6 16,4

LSD 0,05 4,6

Table 1. Soybean seeds harvest with the application of various preparations forms of nodule bacteria with different
homologous lectin concentrations (average of the 2 experiments) [80].
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Lectin

concentration,

µg/ml

Seed yield, cwt/ha

Yield increment

relative to

control

I II III

Average of

the 3

experiments

cwt/ha %

0 36,2 ± 0,7 33,1 ± 1,8 22,5 ± 0,7 30,6 ± 1,1 – –

100 45,1 ± 1,4 41,2 ± 0,8 25,8 ± 1,1 37,4 ± 1,1 6,8 22,2

300 41,9 ± 1,5 38,8 ± 2,0 27,3 ± 1,0 36,0 ± 1,5 5,4 17,6

LSD 0,05 4,2 5,1 2,5

Table 2. Productivity of soybean inoculated with biological rhizobial preparation on the solid carrier (perlit) and
modified with homologous lectin [80].

Note. I, II - 2005., III - 2006.

The economic efficiency of using bacterial preparations to inoculate the seeds of legume
plants before sowing depends on the increase of yield, its cost and additional expenses. The
calculation of economic efficiency of soybean production via a typical technological map
was shown on a farm in the Kiev region (Table 3). By using bacterial preparations of soy‐
bean nodule bacteria (application of inoculation) the yield of the crop increased throughout
Ukraine by an average of at least 12%, which makes it possible to increase the profitability of
production to 27.8% (see Table 3). The use of bacterial preparations modified by homolo‐
gous lectin in the conditions of our field trials led to an increase in soybean yield of no less
than 9.8% in comparison with conventional inoculation (see Table. 1 and 2). A comparative
analysis of various indicators of economic efficiency of soybean cultivation points to the fea‐
sibility of using bacterial preparations to inoculate seeds (see Table 3). The profitability of
production at the same time increased by 11.7%. The maximum profitability (39.2%) was ob‐
served when using bacterial preparations modified by homologous lectin, indicating the
benefits of their use. Table 4 also shows that the use of bacterial preparations reduced pro‐
duction costs and increased net income. Thus, the cultivation of soybeans in the conditions
and fields of Ukraine can produce about 0.4 hryvnia net profit to every 1 hryvnia spent.
Therefore different preparatory forms of nitrogen-fixing microorganisms effectively increase
the productivity of plants and can be recommended for agricultural production. The use of
bacterial agents leads to a slight increase in the cost of production while the economic effect
of using nitrogen-fixing bacteria is achieved due to the additional crop yield, the savings
made on fertilizers and the reduction of other production energy costs.
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Lectin

concentration,

µg/ml

Seed yield, cwt/ha

Yield increment

relative to

control

I II III

Average of

the 3

experiments

cwt/ha %

0 36,2 ± 0,7 33,1 ± 1,8 22,5 ± 0,7 30,6 ± 1,1 – –

100 45,1 ± 1,4 41,2 ± 0,8 25,8 ± 1,1 37,4 ± 1,1 6,8 22,2

300 41,9 ± 1,5 38,8 ± 2,0 27,3 ± 1,0 36,0 ± 1,5 5,4 17,6

LSD 0,05 4,2 5,1 2,5

Table 2. Productivity of soybean inoculated with biological rhizobial preparation on the solid carrier (perlit) and
modified with homologous lectin [80].

Note. I, II - 2005., III - 2006.

The economic efficiency of using bacterial preparations to inoculate the seeds of legume
plants before sowing depends on the increase of yield, its cost and additional expenses. The
calculation of economic efficiency of soybean production via a typical technological map
was shown on a farm in the Kiev region (Table 3). By using bacterial preparations of soy‐
bean nodule bacteria (application of inoculation) the yield of the crop increased throughout
Ukraine by an average of at least 12%, which makes it possible to increase the profitability of
production to 27.8% (see Table 3). The use of bacterial preparations modified by homolo‐
gous lectin in the conditions of our field trials led to an increase in soybean yield of no less
than 9.8% in comparison with conventional inoculation (see Table. 1 and 2). A comparative
analysis of various indicators of economic efficiency of soybean cultivation points to the fea‐
sibility of using bacterial preparations to inoculate seeds (see Table 3). The profitability of
production at the same time increased by 11.7%. The maximum profitability (39.2%) was ob‐
served when using bacterial preparations modified by homologous lectin, indicating the
benefits of their use. Table 4 also shows that the use of bacterial preparations reduced pro‐
duction costs and increased net income. Thus, the cultivation of soybeans in the conditions
and fields of Ukraine can produce about 0.4 hryvnia net profit to every 1 hryvnia spent.
Therefore different preparatory forms of nitrogen-fixing microorganisms effectively increase
the productivity of plants and can be recommended for agricultural production. The use of
bacterial agents leads to a slight increase in the cost of production while the economic effect
of using nitrogen-fixing bacteria is achieved due to the additional crop yield, the savings
made on fertilizers and the reduction of other production energy costs.
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Parameter

Unit

of

measure

Control

Application

of

inoculation

Biopreparation

with

lectin

Seed yield cwt/ha 20,0 22,4 24,6

Supplementary yield cwt/ha – 2,4 4,6

Cost of yield UAH/hа 2400,0 2688,0 2952,0

Costs of biopreparation UAH/hа – 36,0 53,0

Net cost UAH/cwt 103,34 93,88 86,17

Net profit UAH/hа 333,13 585,13 832,13

Profitability % 16,1 27,8 39,2

Table 3. Economic effect of bacterial preparations application while producing soybean seeds (the condition of 2006),
the preparations being modified with homologous lectin [80].

Note. UAH - Ukrainian hryvna.

5. Conclusion

Given the uniqueness of the biochemical processes of nitrogen fixation by microorganisms
and global importance of biological nitrogen fixation in the nitrogen cycle in the biosphere,
this phenomenon requires further study and attention. Scientists still face the problem of
finding new nitrogen-fixing communities, the creation of genetically engineered micro-and
macro- symbionts, as well as studying specific mechanisms of the relationship between
plants and microorganisms.

A comprehensive study of plant-bacterial symbioses and associations made possible the use
of biological nitrogen fixation in practice and opened up prospects for the management of
this process. Work is presently being done on the generation, testing and introduction of
new strains of Rhizobium and associative nitrogen fixers for the cultivation of plants in our
latitudes. Among the promising works in the creation of biological preparations based on
symbiotic nitrogen fixers are those regarding the creation of agricultural consortiums with
cyanobacteria, the use of bacterial and synthetic polysaccharides, and plant lectins. The bio‐
logical preparations created based on beneficial microorganisms are an excellent alternative
to mineral fertilizers. However, they have not yet been widely applied, which of course does
not facilitate the resolution of a number of existing environmental and economic problems.
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Chapter 5

Inoculation Methods of Bradyrhizobium japonicum on
Soybean in South-West Area of Japan

Takeo Yamakawa and Yuichi Saeki

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52183

1. Introduction

Inoculation with efficient rhizobia at the ordinary dose does not increase appreciably the
seed yield of soybean because the occupation ratio of the inoculated rhizobial strains in the
nodules is very low due to competition with less efficient indigenous rhizobia [1, 2]. In order
to increase the seed yield by rhizobial inoculation, the occupation ratio of the inoculated
strains must be increased. The increase of the occupation ratio has been examined from vari‐
ous viewpoints such as improvement of inoculation method [3]. For the screening of effi‐
cient and competitive strains, a large number of useful strains had been isolated from
mutagenized and recombinant rhizobia [4, 5, 6].

Furthermore, Williams and Lynch [7] who identified a non-nodulating line of soybean
among the progenies from the cross between cvs. Lincoln and Richard, showed that the ab‐
normal nodulation reaction was controlled by a single recessive gene of the host plant, rj1.
Thereafter, cv. Hardee was found to nodulate ineffectively with Bradyrhizobium japonicum
belonging to the strains 3-24-44 and 122 serogroups [8, 9]. It was demonstrated that the inef‐
fective nodulation was controlled by a host dominant gene, Rj2. Furthermore, this cultivar
was found to nodulate ineffectively with the B. elkanii strain 33 due to the presence of anoth‐
er Rj-gene, Rj3 [10]. Cvs. Hill and Amsoy 71 harbor a gene (Rj4) that was responsible for the
ineffective nodulation. These Rj4-cultivars were nodulated ineffectively with B. elkanii strain
61 [11]. Soybean plants harboring these Rj-genes (Rj-cultivars) were considered to restrict ef‐
fective nodulation with appropriate serogroups of strains and to prefer certain types of rhi‐
zobia for nodulation. If this assumption holds true, planting of Rj-cultivars could increase
the populations of rhizobial strains highly compatible with those cultivars in soils. There‐
fore, the relationship between the Rj-genotypes of soybean and the preference of the Rj-cul‐
tivars for various types of Bradyrhizobium strain was examined [12, 13]. These Bradyrhizobium
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strains were classified into three nodulation types, type A, B, and C, based on the compati‐
bility with Rj-cultivars. Nodulation type A strains nodulated with almost all the cultivars
except for the rj1-ones (non-nodulating lines) and were preferred by non-Rj-ones. Type B or
type C strains nodulated soybean cultivars other than the Rj2Rj3-ones or Rj4-ones, respective‐
ly except for rj1-ones and were preferred by Rj4-ones or Rj2Rj3-ones, respectively.

This chapter deals with the developmental process and experimental trial of inoculation
methods using effective Bradyrhizobium strains and various Rj-genotypes to increase the
yield of soybean.

2. Isolation of Rj2Rj3Rj4 − Genotypes from progenies of a cross between
soybean cvs. IAC-2 (Rj2Rj3) and hill (Rj4)

In order to analyze in more detail the relationship between the Rj-genotype of soybean and
the preferences of Rj-cultivars for various types of rhizobia, the preferences of the soybean
cultivars harboring both Rj2- and Rj4-genes for nodulation with Bradyrhizobium strains
should be studied. For this purpose, the isolation of Rj2Rj4-lines from the cross between the
Rj2-cultivar IAC-2 and the Rj4-cultivar Hill was firstly conducted. Secondly, the isolation of
Rj2Rj3Rj4-lines from progenies of Rj2Rj4-lines was conducted [14, 15]. This section deals with
the processes of isolation of Rj2Rj4-lines and Rj2Rj3Rj4-lines. Furthermore, the preference of
various Rj-genotypes for rhizobial strains was analyzed in greater detail.

2.1. Materials and methods

Detection of Rj2- and Rj4-genes in progenies from the cross of cvs. IAC-2 and Hill: Soy‐
bean (Glycine max L. Merr.) cvs. IAC-2 (Rj2Rj3) and Hill (Rj4) were crossed. Twenty-three
seeds were obtained and used to isolate the progenies homozygous for the Rj2- and Rj4-
genes. Bradyrhizobium japonieum strains Is-80 (nodulation type A), Is-1 (type B), and Is-34
(type C), which were isolated and characterized in a previous study, were used to detect the
Rj2- and Rj4-genes (Ishizuka et al. 1991a). Soybean cv. CNS (Rj2Rj3) was used instead of cv.
IAC-2 (Rj2Rj3) in inoculation tests. Seeds of progenies from the cross were sterilized with so‐
dium hypochlorite solution (30 g L-1), sown in sterilized vermiculite wetted with the nitro‐
gen-free culture solution used in the previous study (Ishizuka et al. 1991a), inoculated with
the combined inoculum of broth cultures of B. japonicum strains Is-1 and Is-34, and grown in
a phytotron at 25˚C under natural light conditions. Four weeks after sowing, the plants were
harvested and examined for the nodulation reaction. Non-nodulated and ineffectively nodu‐
lated plants which formed small nodule-like structures with a white center, were selected as
a genotype harboring both Rj2- and Rj4-genes at least heterozygously. Although the parent
cultivar IAC-2 harbors the Rj3-gene in addition to Rj2-gene, it was not used because the isola‐
tion of progenies homozygous for the three genes was very complicated.

Detection of Rj3-gene in Rj2Rj4-lines: To detect the Rj3-gene, Rj2Rj4-lines characterized,
A250, B340, B345, B346, B349, B410, C242, C244, C247, and C249, and cvs. Bragg (non-Rj),
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D-51 (Rj3), IAC-2, CNS, and Hardee (Rj2Rj3), and Akisengoku and Hill (Rj4) were used. The
Rj-genotypes are indicated in parentheses [12, 14]. To examine the preference of Rj-cultivars
for B. japonicum for nodulation, Bragg and Akisirome (non-Rj), IAC-2 (Rj2Rj3), and Hill (Rj4),
A250 and C242 (Rj2Rj4) were grown in pots filled with gray lowland alluvial soils. Soybean
seeds used were harvested at Kyushu University Farm in 1992. B. japonicum USDA33 and
USDA110 obtained from the USDA Beltsville Rhizobium Culture Collection, USA, and B. ja‐
ponicum Is-1 and Is-34 were used. These strains were stored at 4˚C on yeast extract mannitol
agar (YMA) plate, and were cultured in yeast extract mannitol broth [16] on a rotary shaker
(100 rpm) at 30˚C for 7 days. These cultures were diluted to 1/200 (ca. 107 cells mL -1) with
sterile saline water (9 g NaCl L-1) immediately before inoculation. Is-1, USDA33, or Is-34 can‐
not form effective nodules on soybean harboring the Rj2Rj3-, Rj3- or Rj4-gene, respectively
[10, 14]. Seeds of the Rj2Rj4-lines and various Rj-cultivars were sterilized by immersion in a
sodium hypochlorite solution (50 g L-1 as active chlorine) for 5 min, washed with ethanol,
rinsed five times in sterile water. In the Erlenmeyer flask method, two seeds were sown in a
sterilized Erlenmeyer flask containing 110 mL of vermiculite and 60 mL of nutrient solution
consisting of 1.6 mM K2HP04, 2.0 mM CaCl2, 2.5 mM MgSO4, and 0.5 mM NH4NO3. In the
porcelaneous pot method, 14 seeds were sown in a porcelaneous pot containing 2.8 L of ver‐
miculite and 1.4 L of nutrient solution. The flasks or pots were autoclaved (121˚C, 20 min).
Five milliliters of USDA33 cell suspension per seed was inoculated. Plants were grown in a
Phytotron at 25˚C and 70% relative humidity under natural light. Three or four weeks after
planting, the plants were harvested and examined for the number, size, and shape of the
nodules to estimate the effectiveness of the nodules. A globular nodule larger than 1 mm in
size was referred to as an effective nodule, and a nodule appearing as a protuberance small‐
er than 1 mm in size was referred to as an ineffective one.

Isolation of B. japonicum from nodules: Six weeks after planting in a/5,000 porcelain Wag‐
ner pots, plants were harvested and examined for the number of nodules. Approximately 12
to 14 nodules for each independent pot after 4 weeks of plant growth were collected from
soybeans grown in soil. The nodules were immersed in 90% ethanol for 1 min. Then the
nodules were transferred to a solution of 5% hydrogen peroxide, soaked for 5 min and
washed with sterile saline water three times. The nodules were crushed in a sterile test tube
with a sterile glass rod and diluted with sterile saline water. The bacteroid suspension was
streaked with a sterile bamboo stick on YMA plates containing Congo red (25 mg L-1). The
YMA plates were incubated for one week at 30˚C. The colonies grown on the plates and the
residual bacteroid suspension were subjected to the Indole acetic acid (IAA)-producing abil‐
ity assay and serological test, respectively.

Serological identification of baeteroids in nodules: The antisera developed against the so‐
matic antigens of the B. japonicum strains Is-1, Is-34, USDA110 and B. elkanii strain USDA33
used in this study were prepared as in the previous study [13]. The antisera were diluted to
1/200 and 1/400 with saline water immediately before use. For the serological test, the nod‐
ules were harvested, washed and put into a test tube containing saline water. The test tube
was heated in boiling water for 30 min. After cooling, the nodules were transferred to small
test tubes, one nodule in each tube, and crushed with a round-ended glass rod. Then the
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bacteroids were dispersed using a vibrator with a small amount of saline water containing
sodium azide (0.5 g L-1). After precipitation of the nodule debris, each drop of the bacteroid
suspension and the diluted antiserum were put into a well of a micro-test assay plate (Bec‐
ton Dickinson and Co., USA) using fresh Pasteur pipettes, covered with a thin polyethylene
film and shaken gently. The plate was incubated at 37˚C for 2 h and then stored in a cold
room (4˚C) overnight. The agglutination reaction was checked on the next day by compari‐
son with the bacteroid-saline control.

IAA-producing ability:  The IAA-producing ability was estimated basically by the meth‐
ods of Minamisawa et al. [17]. Single colony of isolates on the YMA plates was suspend‐
ed into 5  mL of  sterile  saline water  and a  drop of  the suspension was poured into 2.5
mL of the Tris-YMRT (pH 6.8) broth medium [18] containing 0.3 mM L-tryptophan. The
cultures  were incubated for  one week at  30˚C on a  rotary shaker  at  a  rate  of  100 rpm,
and the IAA concentration was determined colorimetrically  by the  addition of  5  mL of
Salkowski's reagent [19].

2.2. Results and discussion

Isolation of Rj2Rj4-lines: For the verification of the above assumption, the nodulation reac‐
tions of the F4 progenies from selected F3 plants with the combined inoculum were exam‐
ined (Table 1). All the F4 progenies from C3-1, -3, and -5 plants nodulated effectively and
produced more than five nodules per plant. Within the limits of the authors' preliminary ex‐
periments, soybean plants inoculated with incompatible B. japonicum strains had never pro‐
duced more than two nodules under natural light conditions in winter, so that these plants
were assumed to harbor either rj2 or rj4 homozygously. Since the ratios of effectively nodu‐
lated progenies from the F3 plants, lines A2-4 and C3-4 were approximately 0.44, the expect‐
ed ratio according to Mendel’s laws, these F4 plants were assumed to belong to the
genotype Rj2rj2Rj4rj4 [14]. Thus, these five lines (F4 generation) were omitted for further se‐
lection. In order to predict the genotypes of the remaining lines, A2-5, B3-4, C2-4, and C2-5,
the bacteroids present in the nodules were identified serologically. The genotype of A2-5
was considered to be Rj2Rj2Rj4rj4 because the ratio of effectively nodulated plants and the
nodule number of the nodulated plants were 0.25 and more than five, respectively, and al‐
most all the nodules were occupied by Is-34 [14]. On the other hand, the ratios of the nodu‐
lated progenies of the B3-4 and C2-4 plants were nearly 0.25 also, but the nodule numbers
were only four per four and three plants, respectively, and half or three fourths of these
were produced by other serotypic rhizobia than the inoculum strains.

Thirty-one plants of the F4 generation were harvested, and the seeds (F6 generation) of 22
plants were examined for their compatibility with B. japonicum Is-1 and 1s-34 by the method
described above. The plants were classified based on the nodule number (Table 2), and it
was eventually concluded that the progenies from line A2-5 segregated into the genotypes
Rj2Rj2Rj4Rj4 and Rj2Rj2Rj4rj4. The lines A2-50 and A2-53 belonged to the former and latter, re‐
spectively. Although line A2-52 may also belonged to the former genotype, the genotype of
line A2-51 was not clearly revealed because five plants out of 20 plants formed more than
four nodules and the soybean cvs. CNS (Rj2Rj3) and Hill (Rj4) formed six nodules per plant
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most all the nodules were occupied by Is-34 [14]. On the other hand, the ratios of the nodu‐
lated progenies of the B3-4 and C2-4 plants were nearly 0.25 also, but the nodule numbers
were only four per four and three plants, respectively, and half or three fourths of these
were produced by other serotypic rhizobia than the inoculum strains.

Thirty-one plants of the F4 generation were harvested, and the seeds (F6 generation) of 22
plants were examined for their compatibility with B. japonicum Is-1 and 1s-34 by the method
described above. The plants were classified based on the nodule number (Table 2), and it
was eventually concluded that the progenies from line A2-5 segregated into the genotypes
Rj2Rj2Rj4Rj4 and Rj2Rj2Rj4rj4. The lines A2-50 and A2-53 belonged to the former and latter, re‐
spectively. Although line A2-52 may also belonged to the former genotype, the genotype of
line A2-51 was not clearly revealed because five plants out of 20 plants formed more than
four nodules and the soybean cvs. CNS (Rj2Rj3) and Hill (Rj4) formed six nodules per plant
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in this assay. Therefore, the lines A2-51, A2-52, and A2-53 were omitted. The progenies from
line B3-4 could be considered to belong to the genotype Rj2Rj2Rj4Rj4 except for the lines
B3-44 and B3-47. Though the lines B3-44 and B3-47 were also expected to belong to the same
genotype as the other progenies of line B3-4, these were omitted for further examination to
avoid the risk. All the tested progenies from line C2-4 were found to belong to the genotype
Rj2Rj2Rj4Rj4 unlike those of line C2-5, based on the results shown in Table 2. The facts descri‐
bed above indicate that 12 soybean lines homozygous for the Rj2- and Rj4-genes were isolat‐
ed from the cross cvs. IAC-2 (Rj2Rj3) × Hill (Rj4). These lines showed some differences in
physiological characteristics, for instance, hypocotyl color, stem length and maturity.

E I N
A2-4 16 9 7 0 0.56

No. of  plants
tested

Ratio of effectively
nodulated plants

Nodulation reaction of F. progeny
F3 plant

A2-5 16 4 9 3 0.25
B3-4 16 4 12 0 0.25
C2-4 14 3 5 6 0.21
C2-5 15 1 2 12 0.07
C3-1 12 12 0 0 1.00
C3 3 13 13 0 0 1 00C3-3 13 13 0 0 1.00
C3-4 15 8 7 0 0.53
C3-5 15 15 0 0 1.00

E, I, and N denote effective, ineffective, and non-nodulated, respectively

Table 1. Nodulation reactions of F4 progenies from the cross IAC-2 × Hill with the combined inoculum of B. japonicum
strains ls-I and -34.

Isolation of Rj2Rj3Rj4-lines: Soybean cultivar D-51 harboring the Rj3-gene frequently formed a
small number of effective nodules and a large number of ineffective ones upon the inocula‐
tion of B. elkanii USDA33. Therefore, the criteria for harboring the Rj3-gene were determined
as follows. When the ratio of ineffective to the total nodule number (I/T) exceeded 0.5, it was
assumed that the test plant harbored the Rj3-gene. Table 3 shows the nodulation of test
plants inoculated with B. elkanii USDA33. Cvs. Bragg (non-Rj), Hill and Akisengoku (Rj4)
formed only effective nodules and not ineffective nodules. However, cvs. IAC-2, CNS, and
Hardee (Rj2Rj3) did not produce any effective nodules and formed 0.8 to 17.5 ineffective
nodules per plant at 3-weeks after the inoculation of USDA33 using an Erlenmeyer flask. In
cv. D-51 (Rj3), 3.7 effective and 30.0 ineffective nodules per plant were counted at 4-weeks
after the inoculation using a porcelain pot. I/T ratio of all the cultivars harboring the Rj3-
gene exceeded 0.5 which corresponded to the criterion for the detection of the Rj3-gene. Al‐
so, the I/T ratio of all the Rj2Rj4-lines tested here ranged from 0.6 to 0.9 for the plants grown
for 3 weeks and a value of 1.0 was recorded at 4 weeks after inoculation. Based on these re‐
sults, it was concluded that all the Rj2Rj4-lines tested here harbored the Rj3-gene and dis‐
played the Rj2Rj3Rj4-genotype. Also it may be necessary for the plant to grow for 4 weeks for
the identification of the Rj3-gene, because the growth of ineffective nodules was delayed
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compared to that of the effective nodules and counting and discrimination were difficult on
plants grown for only 3 weeks (Table 3).

Table 2. Nodulation of F6 progenies from the cross between soybean cvs. IAC-2 and Hill inoculated with B. japonieum
Is-I and -34.

Preference of Rj2Rj3Rj4-lines for indigenous rhizobia: Table 4 shows the nodule numbers of
soybean plants grown in pots containing Chikugo soil. The nodules formed on the roots of
all the soybean plants grown in this soil were all effective. Non-Rj-cultivars, Akisirome and
Bragg formed a relatively large number of nodules on the tap roots and the number was not
significantly different from that on the lateral roots. In the case of the Rj-cultivars, however,
the nodule number of the tap roots was markedly lower than that of the lateral roots, that is,
all the Rj-cultivars formed 3.0 to 4.3 nodules on the tap roots and 16.3 to 24.3 nodules on the
lateral roots per plant. These data clearly indicate that nodule formation in the non-Rj culti‐
vars occurs earlier than in the Rj-cultivars, because nodule formation occurred first on the
tap roots and then gradually developed on the lateral roots with the progression of growth.
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The difference in the onset of nodule formation between non-Rj- and Rj-cultivars may be
due to the difference in populations of compatible rhizobial strains with both genotypes. Al‐
so, although the Rj2Rj3Rj4-genotype was derived from the cross between Rj2Rj3- and Rj4-gen‐
otype in order to restrict the nodulation with undesirable strains, the difference in the
nodulation ability was not appreciable among the three Rj-genotypes. Therefore, it is sug‐
gested that the Rj2Rj3Rj4-genotype cannot decrease the ability of nodule formation but may
increase the preference of certain types of rhizobia for nodulation.

Table 3. Identification of Rj3-gene in Rj2Rj4-lines and Rj-cultivars with inoculum of B. elkanii USDA33.

Agglutination reaction with the antiserum against USDA110 was assayed with a bacteroid
suspension of nodules from soybean plants grown in soil. Isolates separated from the resid‐
ual bacteroid suspension were used for the assay of IAA-producing ability. Table 5 shows
that the nodule occupancy rate of serotype 110, the bacteroid suspension of which reacted
positively with the antiserum against USDA110, was significantly higher in the Rj2Rj3Rj4-
genotype than in the other genotypes, i.e. non-Rj-, Rj2Rj3-, and Rj4-cultivars. Furthermore,
C242 in the Rj2Rj3Rj4-genotype showed significantly lower ratios of IAA forming isolates
than in the other genotypes but A250 in this genotype showed the same ratios as those in
other genotypes. Based on the above results, the Rj2Rj3Rj4-genotype of soybean was consid‐
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ered to nodulate more actively serogroup USDA 110 of rhizobia which contains Hup+ strains
at high rates for nodulation compared with the other genotypes.

Further studies should be carried out to determine whether the Rj2Rj3Rj4-gene is able to re‐
press infection with B. elkanii which does not contain Hup+ strains but contains rhizobitox‐
ine-producing strains [20]. Nevertheless, the Rj2Rj3Rj4-genotype of soybean is superior to
non-Rj-, Rj2Rj3- and Rj4-genotypes in that it prefers more active rhizobial strains forming effi‐
cient nodules for nitrogen fixation. However, it remains to be determined whether the
Rj2Rj3Rj4-genotype is superior to other Rj-genotypes in terms of nodule occupancy of inocu‐
lum strain in field experiments using B. japonicum USDA 110 as effective inoculum strain.

Cultivar or line Rj-genotype
Akisirome non-Rj 18.8 26.0 44.8
Bragg non-Rj 8 8 9 8 18 6

Tap root Lateral root Whole root

Table 4. Number of nodules in soybean plants grown in pots containing gray soils of
Kyushu Agricultural Experiment Station.

Bragg non Rj 8.8 9.8 18.6
IAC-2 Rj2 Rj3 3.0 16.3 19.3
Hill Rj4 4.3 24.3 28.6
A250 Rj2 Rj3 Rj4 3.5 17.5 21.0
C242 Rj2 Rj3 Rj4 4.0 21.0 25.0
Data show a mean of 4-plants

Table 4. Number of nodules in soybean plants grown in pots containing gray soils of Kyushu Agricultural Experiment
Station.

Table 5. Positive agglutination reaction with antiserum against USDA110 (serotype 110) of bacteroids

Nodule occupancy Statistical analysis
(%) (p=0.05)

Akisirome 36 a 24 a
Bragg 56 b 17 abc

Table 5. Positive agglutination reaction with antiserum against USDA110 (serotype 110) of bacteroids
in nodules of soybean plants grown in pots containing the soil of Kyushu Agricultural

Experiment Station and IAA formation of isolates from the bacteroid suspension.

Cultivar or line
Serotype 110

Nodule occupancy
(%)

Statistical analysis
(p=0.05)

IAA formation

Bragg 56 b 17 abc
IAC-2 39 a 15 abcd
Hill 58 b 19 ab
A250 73 c 11 bcde
C242 81 c 4 e
Each figure in the column of nodule occupancy is significantly different at the 5% level by chi-square test when different
letters are indicated in the column of statistical analysis. Twelve to 14 nodules or isolates from the tap roots and lateral
roots of two plants in each independent pot were assayed. Data were calculated for the whole root and correspond to theroots of two plants in each independent pot were assayed. Data were calculated for the whole root and correspond to the
mean of two replicate pots.

Table 5. Positive agglutination reaction with antiserum against USDA110 (serotype 110) of bacteroids in nodules of
soybean plants grown in pots containing the soil of Kyushu Agricultural Experiment Station and IAA formation of
isolates from the bacteroid suspension.

3. Occupation of serogroup USDA110 in nodules of soybean plants
harboring various Rj-genes grown in a field

In order to analyze in more detail the relationship between the Rj-genotype of soybean and
the preferences of Rj-cultivars for various types of rhizobia, the preferences of the soybean
cultivars harboring both Rj2-, Rj3- and Rj4-genes for nodulation with Bradyrhizobium strains
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should be studied. For this purpose, the isolation of Rj2Rj4-lines from the cross between the
Rj2-cultivar IAC-2 and the Rj4-cultivar Hill was conducted. Furthermore, to analyze in great‐
er detail the preference of various Rj-genotypes for rhizobial strains, the isolation of
Rj2Rj3Rj4-lines from the cross between the Rj2Rj3-cultivar IAC-2 and the Rj4-cultivar Hill was
conducted [14, 15]. The Rj2Rj3Rj4-lines were predicted to be nodulated only by type A
strains, such as B. japonicum USDA110. Thus, the competition with less efficient indigenous
rhizobia in soils might be reduced by the use of the reciprocal relation between Rj-cultivars
and rhizobia. Therefore, the relationship between the Rj-genotypes of soybean and their
preference for various types of rhizobia for nodulation was investigated.

3.1. Materials and methods

Plants: Soybean (Glycine max L. Merr.) cultivars Bragg and Akisirome (non-Rj), IAC-2, CNS,
and Hardee (Rj2Rj3), Hill, Fukuyutaka and Akisengoku (Rj4), and B340, B349 and C242
(Rj2Rj3Rj4) were used. The Rj-genotypes are indicated in parentheses [14, 15].

Rhizobium:B. japonicum USDA110 was stored at 4˚C on YMA plate, and was cultured in
YMB [16] on a rotary shaker (100 rpm) at 30˚C for 7 days. This culture was diluted to 1/200
(ca. 107 cells mL-I) with saline water immediately before inoculation.

Plant cultivation: Field experiment was conducted on gray lowland soils of Kyushu Univer‐
sity Farm, located in the northern flooded plain of Fukuoka Prefecture. The soil pH (soil:
water ratio was 1:2.5) ranged from 6.9 to 7.3. The field was 16 m long and 18 m wide. The
row width and intra-row spacing were 70 and 20 cm, respectively. Fused phosphate, calci‐
um superphosphate, and potassium sulfate were applied at the time of plowing over the ex‐
perimental field at the rates of 450 kg N, 150 kg P2O5 and 200 kg K2O per ha, respectively.
The seeds were sown at the rate of two seeds per hill on June 9, 1992. For each cultivar, the
entire row (16 m long) was divided into four parts. The individual hills with alternative two
parts were inoculated with 50 mL of 1/200 diluted USDA110 culture (1 week old) at the rate
of 5 × 108 cells per hill immediately after sowing and the individual hills with the other parts
received 50 mL of saline water as control treatment. The experiment was conducted with
two replications.

Sampling: In order to evaluate nodulation, the relative efficiency (RE) of nitrogen fixation
and occupation ratio of the inoculum strain, two hills per soybean genotype in the inoculat‐
ed or non-inoculated plots were harvested. The plant roots were washed with tap water.
The growth stage corresponded to the vegetative stage at the time of the first sampling con‐
ducted during the period from July 28 to August 5, 1992. The second sampling was carried
out in order to evaluate the occupation ratio of the inoculum strains on September 2, from
the flowering to the pod elongation stages depending on the plant genotypes.

H2 evolution: Plant roots with nodules were severed at the cotyledonary node and individu‐
ally placed in 200-mL conical flasks. The flasks were sealed with a serum stopper. One milli‐
liter of air was drawn out with a syringe, and was analyzed for the amount of hydrogen
evolved from the nodules at 5 and 30 min after sealing by using a thermal conductivity gas
chromatograph (GC-8A, Shimadzu, Kyoto, Japan) equipped with a stainless steel column (3
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mm in diameter, 2 m length). The column was filled with molecular sieve 5A, 60-80 mesh
(Nacalai Tesque, Inc., Kyoto, Japan). Column and injector temperatures were 50 and 70˚C,
respectively. Carrier gas was N2 (flow rate: 36 mL min-1).

Acetylene reduction activity (ARA): After the determination of H2 evolution, the flask con‐
taining roots with nodules was used for the ARA assay. ARA was assayed according to the
methods of Haider et al. [21]. After the assay, the nodules were separated from the roots,
weighed, and counted.

Relative efficiency (RE): RE of nitrogen fixation was calculated from the amount of H2

evolved and ARA as follows:

RE = 1 -
H2 evolution (µmolg FW-1h-1)

ARA (µmolg FW-1h-1)

Serological test with antiserum USDA110 and occupation ratio: The nodules on the tap
root and lateral roots of two hills of each genotype of soybean plants were separately collect‐
ed into a test tube, with the addition of saline water (8.5 g L-1) containing 0.5 g L-1 of sodium
azide and allowed to stand for 30 min in boiling water. The nodules were kept at 4˚C until
the serological test was performed. One hundred nodules per cultivar were used for the se‐
rological test, that is, a maximum number of 30 nodules from the tap root and the other nod‐
ules from the lateral roots per cultivar. The serological test was conducted with the
antiserum against B. japonicum USDA110, according to the method described in a previous
paper [15].

Occupation ratios of the tap, lateral and whole roots were expressed in percentages of posi‐
tive nodules against antiserum USDA110 to all the nodules tested, respectively.

3.2. Results and discussion

The seeds were inoculated or irrigated immediately after sowing with 50 mL of diluted inoc‐
ulum or saline water, as described above in the inoculation method of rhizobium. As a re‐
sult, it was considered that the inoculum strain USDA110 was distributed to the cylindrical
soil block in which the tap root of soybean seedlings could extend. Therefore, initial nodula‐
tion by USDA110 as inoculum was assumed to be limited to the upper part of the tap root.
The effects of the inoculation of B. japonicum USDA110 on the nodulation of almost all the
tested genotypes of soybean were not significant in terms of nodule number and fresh
weight (FW) per plant, and nodule size (mg FW nodule-1), except for B349 among the soy‐
beans with Rj2Rj3Rj4-genotypes [22]. These results suggest that the population of indigenous
rhizobia in this field was not the limiting factor for nodulation.

Consequently, the information acquired from this experiment can be more useful for the cul‐
tivation of soybean than that derived from experimental results under controlled conditions
and fields, in which the population of indigenous rhizobia is low. ARA did not show any
significant difference between the inoculated and non-inoculated plants (Table 6). RE of the
inoculated soybean plants tended to be higher than that of the non-inoculated ones in all the
cultivars/lines. However, there was no significant difference in the effects among the Rj-gen‐
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otypes of the host plants. Especially, RE of IAC-2, CNS (Rj2Rj3) and B349 (Rj2Rj3Rj4) in‐
creased significantly by USDA110 inoculation, reflecting the reduction in H2 evolution by
Hup+ of USDA110. RE generally increased by inoculation of USDA110 (Hup+ strain) and bi‐
ological nitrogen fixation was considered to be enhanced. In four experiments conducted by
Evans et al. [23], it was observed that the content of crude seed protein of soybean plants
inoculated with the Hup+ strain increased by 8.9% compared with the plants inoculated with
Hup- strains and that the REs (calculated from Evans’s data) of the plants inoculated with
Hup+ and Hup- strains were 0.94-1.00 and 0.56-0.79, respectively. As higher RE values were
observed in the inoculated plants than in the non-inoculated plants, in spite of the lack of
significant difference (Table 6), the occupation ratios of the serogroup USDA110 of rhizobia
in the nodules of lateral roots were determined at the time of the first sampling (Table 7).

Cultivar Inocu-
and Line lation

b b b d

Table 6. Nodule activity of field-grown soybeans inoculated with Bradyrhizobium japonicum USDA110.

Rj-genotype
(µmol gFW-1 h-1)

H2 evol.
(µmol gFW-1 h-1)

ARA RE

Non-Rj Akisirome + 3.1 ab 7.1 ab 0.51 bcde

- 2.3 abcd 3.8 ab 0.4 def

Bragg + 2.5 abc 7.4 a 0.66 abc

- 3.4 a 6.9 ab 0.5 bcde

Rj2 Rj3 IAC-2 + 1.4 cde 3.4 bc 0.58 bcd

- 2.6 abc 4 abc 0.35 ef

Rj2 Rj3 CNS + 0.6 e 2.2 c 0.67 ab

d d- 1.4 cde 2.5 c 0.46 cde

Rj4 Hill + 1.3 cde 3.9 abc 0.66 abc

- 1.8 bcde 4.7 abc 0.63 abc

Rj4 Fukuyutaka + 0.6 e 2.4 c 0.78 a

- 1.2 cde 3 bc 0.62 abc

Rj2 Rj3 Rj4 B340 + 0.9 de 2.6 c 0.67 ab

- 1.0 de 2.3 c 0.55 bcd

bRj2 Rj3 Rj4 B349 + 0.7 e 2 c 0.63 abc

- 1.7 bcde 2.2 c 0.24 f

Rj2 Rj3 Rj4 C242 + 0.6 e 1.4 c 0.55 bcd

- 0.6 e 1.3 c 0.53 bcde

ARA and RE refer to the acetylene reduction activity and relative efficiency, respectively. Planting and inoculation were
performed on June 9 in 1992, and sampling of these plants was performed on July 28. Values are means of 4 plants (two
hills). Means in the same column followed by the same letter are not significantly different at the 5% level by LSD.

Table 6. Nodule activity of field-grown soybeans inoculated with B. japonicum USDA110.

The occupation ratios of serogroup USDA110 in the nodules of the lateral roots were 53-67,
40-58, 63-83, and 62-77% in the inoculated plants with the non-Rj-, Rj2-, Rj4- and Rj2Rj3Rj4-
genotypes, respectively. Therefore, these results indicated that infection by USDA110 occur‐
red rapidly after the inoculation. Rj2Rj3Rj4- genotypes suppress nodulation by the
nodulation types B and C which are specific serogroups of the strains and they can select
strains of nodulation type A to form nodules. As a result, they form nodules with only
strains of the nodulation type A [14, 15]. However, the Rj2Rj3Rj4-genotypes were not always
nodulated by only USDA110 belonging to the nodulation type A. Soybean plants may pos‐
sess a factor concerned with the preference for B. japonicum USDA110, except for these Rj-
genes. The mechanism of preference has not been elucidated, but it is assumed to relate to
the increase in the population of the serogroup USDA110 in soils by the root activity. Also,
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Cregan and Keyser [24] screened out PI genotypes which excluded the B. japonicum strain of
serogroup 123 in favor of the inoculated strain, and they suggested that the trait identified in
the PI genotypes could exert a beneficial effect on soybean productivity by excluding all or a
part of the indigenous serogroup 123 population in favor of more effective strains of B. japo‐
nicum. Their concept involving the preference of soybean genotypes for rhizobial strains
may indicate that the planting of soybean genotypes compatible with efficient rhizobial
strains could increase nitrogen fixation and dry matter production, as well as soybean yield.
The second sampling was performed to investigate the changes in the occupation ratio of
serogroup USDA110 with the progression of growth. The values revealed that the occupa‐
tion ratios of serogroup USDA110 decreased for all the genotypes compared with those at
the first sampling (Table 7). The reduction of the occupation ratio of serogroup USDA110
from the 1st until the 2nd sampling was lowest (0.13-0.16) in the Rj2Rj3Rj4-genotypes, exclud‐
ing B349, followed by the non-Rj- and Rj2Rj3-genotypes and highest (0.52-0.69) in the Rj4-
genotypes, excluding Hill. Therefore, it was considered that the population of compatible
rhizobia with host soybean plants increased in the rhizosphere with the progression of de‐
velopment and growth, based on the following experimental basis.

Table 7. Changes in the occupation ratio of B. japonicum belonging to serogroup USDA110 in the nodules on the
lateral roots of field-grown soybeans with the progression of growth.

As a result, it was considered that in the rhizosphere of the Rj2Rj3Rj4-genotypes, the growth
of the type A rhizobia was enhanced, while that of the types B and C rhizobia was re‐
pressed. Therefore, with the expansion of the root area of the host plant, the occupation ratio
of the type A rhizobia including the serogroup USDA110 was high. Consequently, the
Rj2Rj3Rj4-genotypes were considered to be superior to other Rj-genotypes in terms of the in‐
oculation effects of the nodulation type A of B. japonicum USDA110. However, it was esti‐
mated that the Rj2Rj3Rj4-genotypes were not always nodulated by only USDA110 belonging
to the nodulation type A. The mechanism of preference of the Rj2Rj3Rj4-genotypes for the
USDA110 serogroup has not been elucidated.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

94



Cregan and Keyser [24] screened out PI genotypes which excluded the B. japonicum strain of
serogroup 123 in favor of the inoculated strain, and they suggested that the trait identified in
the PI genotypes could exert a beneficial effect on soybean productivity by excluding all or a
part of the indigenous serogroup 123 population in favor of more effective strains of B. japo‐
nicum. Their concept involving the preference of soybean genotypes for rhizobial strains
may indicate that the planting of soybean genotypes compatible with efficient rhizobial
strains could increase nitrogen fixation and dry matter production, as well as soybean yield.
The second sampling was performed to investigate the changes in the occupation ratio of
serogroup USDA110 with the progression of growth. The values revealed that the occupa‐
tion ratios of serogroup USDA110 decreased for all the genotypes compared with those at
the first sampling (Table 7). The reduction of the occupation ratio of serogroup USDA110
from the 1st until the 2nd sampling was lowest (0.13-0.16) in the Rj2Rj3Rj4-genotypes, exclud‐
ing B349, followed by the non-Rj- and Rj2Rj3-genotypes and highest (0.52-0.69) in the Rj4-
genotypes, excluding Hill. Therefore, it was considered that the population of compatible
rhizobia with host soybean plants increased in the rhizosphere with the progression of de‐
velopment and growth, based on the following experimental basis.

Table 7. Changes in the occupation ratio of B. japonicum belonging to serogroup USDA110 in the nodules on the
lateral roots of field-grown soybeans with the progression of growth.

As a result, it was considered that in the rhizosphere of the Rj2Rj3Rj4-genotypes, the growth
of the type A rhizobia was enhanced, while that of the types B and C rhizobia was re‐
pressed. Therefore, with the expansion of the root area of the host plant, the occupation ratio
of the type A rhizobia including the serogroup USDA110 was high. Consequently, the
Rj2Rj3Rj4-genotypes were considered to be superior to other Rj-genotypes in terms of the in‐
oculation effects of the nodulation type A of B. japonicum USDA110. However, it was esti‐
mated that the Rj2Rj3Rj4-genotypes were not always nodulated by only USDA110 belonging
to the nodulation type A. The mechanism of preference of the Rj2Rj3Rj4-genotypes for the
USDA110 serogroup has not been elucidated.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

94

The findings in this experiment on nodulation and RE, and the results of the serological
tests, indicate that the Rj2Rj3Rj4-genotypes of soybean are superior to the non-Rj-, Rj2Rj3- and
Rj4-genotypes because they prefer rhizobial strains of serogroup USDA110 which are more
active and form more efficient nodules in nitrogen fixation, compared with the other geno‐
types and because they are able to restrict nodulation with certain indigenous rhizobia.
However, the preference of the Rj2Rj3Rj4-genotypes for serogroup USDA110 is not sufficient
to rule out the competition with other serogroups. Therefore, the study should be focused
on the isolation of efficient (Hup+) and highly compatible rhizobial strains with Rj2Rj3Rj4-
genotypes. Also, the breeding of new Rj2Rj3Rj4-genotypes of soybean might be considered
using both CNS (Rj2Rj3) and Hill (Rj4) cultivars in which the occupation ratio was found to
be high by the inoculation of B. japonicum USDA110 (Table 7).

4. Effect of Rj genotype and cultivation temperature on the community
structure of soybean-nodulating bradyrhizobia

Saeki et al. [25] investigated the genetic diversity and geographical distribution of indige‐
nous bradyrhizobia isolated from five sites in Japan (Hokkaido, Fukushima, Kyoto, Miyaza‐
ki, Okinawa) by PCR restriction fragment length polymorphism (PCR-RFLP) analysis of the
16S-23S rRNA gene internal transcribed spacer (ITS) region and revealed that geographical
distribution of indigenous bradyrhizobia varied from the northern to southern regions in Ja‐
pan. As a result, the representative clusters of isolated indigenous bradyrhizobia were in the
order of Bradyrhizobium japonicum USDA123, 110, and 6 and Bradyrhizobium elkanii USDA 76T

clusters from northern to southern regions in Japan. It has been suggested that an environ‐
mental factor such as temperature will influence the localization of Japanese indigenous bra‐
dyrhizobia. Saeki et al. [26] investigated the occupancy of three Bradyrhizobium japonicum
strains and one Bradyrhizobium elkanii strain under different temperature conditions in soil
and liquid media and suggested that temperature is one of the environmental factors that
affect the occupancy of indigenous bradyrhizobia in soil.

Minami et al. [27] isolated 260 indigenous bradyrhizobia from 13 soybean cultivars of five
Rj-genotypes (non-Rj, Rj2Rj3, Rj3, Rj4, and Rj2Rj3Rj4) from an Andosol and estimated the nod‐
ulation tendency among Rj-genotype soybeans. The results showed that indigenous bradyr‐
hizobial communities among the same Rj-genotype soybean cultivars were similar to each
other, whereas indigenous bradyrhizobial communities between the Rj2Rj3-genotype and
non-Rj-, Rj3-, or Rj4-genotype soybean cultivars were significantly different. However, They
couldn’t investigate the nodulation tendency by indigenous bradyrhizobia under different
temperature conditions.

In the present section, to examine the influence of combinations of several cultivation tem‐
peratures and Rj-genotype soybean cultivars on the nodulation tendency and community
structure of indigenous bradyrhizobia, we isolated indigenous bradyrhizobia from an An‐
dosol using soybean cultivars of different Rj-genotypes and several cultivation tempera‐
tures. The isolates were analyzed by PCR-RFLP of the 16S-23S rRNA gene ITS region, and a
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dendrogram was constructed to classify the isolates into clusters. The effects of cultivation
temperature and Rj-genotype on soybean-nodulating bradyrhizobial communities were also
estimated.

4.1. Materials and methods

Soybean cultivars and soil samples: We used 13 soybean cultivars of four Rj-genotypes to
investigate the effect of several cultivation temperatures and Rj-genotypes of host soybean
cultivars. The soybean cultivars were Akishirome, Bragg and Orhihime as non-Rj-geno‐
types, Bonminori, CNS, Hardee and IAC-2 as Rj2Rj3-genotypes, Akisengoku, Fukuyutaka
and Hill as Rj4-genotypes, and A-250-3, B349 and C242 as Rj2Rj3Rj4-genotypes [14, 15]. As the
soil sample, an Andosol (pH [H2O] 5.04, electrical conductivity [EC] = 0.05 dS m-1; The Na‐
tional Agricultural Research Center for the Tohoku Region, Arai, Fukushima, Japan [25, 27])
was used for soybean cultivation because a high diversity of indigenous bradyrhizobia has
been found in this soil in previous studies [25, 28].

Soybean cultivation: To isolate indigenous bradyrhizobia, we grew soybean cultivars in 1-
liter culture pots for 4 weeks. The culture pots were filled with vermiculite with N-free nu‐
trient solution [29] at 40% (vol/vol) water content and then autoclaved at 121°C for 20 min.
Soybean seeds were sterilized by soaking them in 70% ethanol for 30 s and in a dilute so‐
dium hypochlorite solution (0.25% available chlorine) for 3 min and then washing them
with sterile distilled water. A soil sample (2 to 3 g) was placed in the vermiculite at a depth
of 2 to 3 cm, and the soybean seeds were sown on the soil. The plants were grown for 4
weeks in a growth chamber (low: day, 23˚C for 16 h, and night, 18˚C for 8 h; middle: day,
28˚C for 16 h, and night, 23˚C for 8 h; and high: day, 33˚C for 16 h, and night, 28˚C for 8 h)
with a weekly supply of sterile distilled water. After cultivating, 20 nodules were randomly
collected from among all of the nodules harvested from soybean roots and sterilized by
soaking them in 70% ethanol for 3 min and in a diluted sodium hypochlorite solution (0.25%
available chlorine) for 30 min and then washing them with sterile distilled water.

DNA samples of indigenous bradyrhizobia: Total DNA for the PCR template was extract‐
ed from a nodule directly as described by Hiraishi et al. [30] with slight modifications [29].
Each nodule was homogenized in 50 µL of BL buffer (40 mM Tris-HCl, 1% Tween 20, 0.5%
Nonidet P-40 and 1 mmol of EDTA [pH 8.0]), 40 µl of sterile distilled water, and 10 µL of
proteinase K (1 mg mL-1) and then incubated at 60˚C for 20 min and 95˚C for 5 min. After
centrifugation, the supernatant was collected and used as the PCR template. A total of 780
DNA samples were obtained for further analysis.

PCR-RFLP analysis of the 16S-23S rRNA gene ITS region: As reference strains, total DNA
for PCR template of strains B. japonicum USDA4, 6T, 38, 110, 115, 123, 124, and 135 and B.
elkanii USDA46, 76T and 94 [19] was prepared as described previously [31]. PCR was carried
out using Ex Taq DNA polymerase (TaKaRa Bio, Otsu, Japan). For ITS amplification, we
used the ITS primer set BraITS-F (5'-GACTGGGGTGAAGTCGTAAC-3') and BraITS-R (5'-
ACGTCCTT CATCGCCTC-3') [25]. The PCR cycle consisted of a pre-run at 94˚C for 5 min,
denaturation at 94˚C for 30 s, annealing at 55˚C for 30 s, and extension at 72˚C for 1 min.
This temperature control sequence was repeated for a total of 30 cycles and was followed by
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a final post-run at 72˚C for 10 min. The RFLP analysis of the 16S-23S rRNA gene ITS region
was investigated using restriction enzymes HaeIII, HhaI, MspI, and XspI (Ta- KaRa Bio) [31].
A 5 µL aliquot of the PCR product was digested with restriction enzyme at 37˚C for 16 h in a
20 µL reaction mixture. The restricted fragments were separated by agarose gel electropho‐
resis and visualized with ethidium bromide.

Cluster analysis: For the cluster analysis, we calculated the genetic distance between pairs
of isolates (D). D was calculated from NAB (the number of RFLP bands shared by the two
strains) and NA and NB (the numbers of RFLP bands in strains A and B, respectively) [32, 33].
The cluster analysis was carried out using the unweighted pair group method with arith‐
metic average (UPGMA) method. The dendrograms were constructed using the PHYLIP
software program v3.69 (J. Felsenstein, University of Washington, Seattle, WA).

Diversity analysis of bradyrhizobial communities: To estimate the diversity of the bradyr‐
hizobial communities isolated from the host soybean cultivars, we used the Shannon-Wie‐
ner diversity index [28, 34, 35]. The formula for the diversity index was

H ' = −ΣPiInPi  

where Pi is the dominance of the isolates expressed by ni/N, N is the total number of tested
isolates (n = 20), and ni is the total number of tested isolates belonging to a particular den‐
drogram cluster. The indexes of alpha diversity (H’α), beta diversity (H’β), and gamma di‐
versity (H’γ) were calculated [36, 37]. These diversity indices were used to estimate the
differences in the bradyrhizobial communities between cultivation temperature pairs. The
H’α index represents a weighted average of the diversity indices of each of the two bradyr‐
hizobial communities, the H’β index represents the differences between the two bradyrhizo‐
bial communities from the two host soybean cultivars and the H’γ index represents the
diversity of the total isolate communities from the two host soybean cultivars (n = 40). The
relationship among these indices is

H ’β = H ’γ − H ’α

We also estimated the differences among the compositions of the bradyrhizobial communi‐
ties by comparing the ratio of the beta to the gamma index (H’β/H’γ), taking into considera‐
tion the difference in gamma diversity in each pairwise comparison of bradyrhizobial
communities.

4.2. Results and discussion

The PCR products of amplified 16S-23S rRNA gene ITS region were digested by four restriction
enzymes, and the restriction fragments were separated by electrophoresis. The fragment sizes
were estimated using a 50-bp ladder marker. A total of 36 operational taxonomic units (OTUs)
containing 11 reference strains were detected [38]. The dendrogram was generated using the
differences in fragment size and pattern. The maximum similarity among OTUs of the reference
strains was 86% and occurred between B. japonicum USDA 38 and 115. These results were then
applied as the criterion for distinguishing clusters in the dendrogram, which produced 11 clus‐
ters, each of which contained 11 reference strains. The indigenous bradyrhizobia isolates in the
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middle and high cultivation temperatures were classified into seven clusters, Bj6, Bj38, Bj110,
Bj115, Bj123, Be76, and Be94, while the indigenous bradyrhizobia isolates in the low cultivation
temperature were classified into five clusters, Bj6, Bj38, Bj110, Bj115, and Bj123 [38]. For the low
and middle cultivation temperatures, most of the indigenous bradyrhizobia were classified in‐
to four major clusters, Bj6, Bj38, Bj110, and Bj123, while most of the indigenous bradyrhizobia in
the high cultivation temperature were classified into five major clusters, Bj6, Bj38, Bj110, Be76,
and Be94. The indigenous bradyrhizobia belonging to the Bj123 cluster was not a major cluster
at the high cultivation temperature.

Cluster analysis provided us with information about the cluster occupancy of each Rj-geno‐
type and cultivation temperature. The occupancy rate of the Bj6, Bj38, Bj110, Bj115, Bj123,
Be76, and Be94 clusters on the non-Rj-, Rj2Rj3-, Rj4-, and Rj2Rj3Rj4-genotype soybean cultivars
is shown in Table 8. Interestingly, the occupancy rate of Bj123 cluster was significantly de‐
creased with increasing cultivation temperature. On the other hand, the occupancy rate of
Bj110 cluster tended to increase with increasing cultivation temperatures. The Be76 and Be94
clusters had the same tendency as Bj110 cluster, but their occupancy rates were lower than
that of Bj110 cluster (Table 8).

Diversity analysis of the bradyrhizobial communities at various cultivation temperatures:
The differences in bradyrhizobial communities among the cultivation temperatures of each
Rj-genotype were also estimated by the H’β/H’γ ratios. There was no significant difference
(Tukey-Kramer test) based on the cultivation temperature in each Rj-genotype due to the
variation of bradyrhizobial communities among each Rj-genotype soybean cultivars was
large, but the values of H’β/H’γ between low and high cultivation temperature pairs tended
to be higher than those of other cultivation temperature pairs (Fig. 1). In addition, the values
of H’β/H’γ of Rj2Rj3- and Rj2Rj3Rj4-genotype soybean cultivars between low and high culti‐
vation temperature pairs tended to be lower than the values of non-Rj- and Rj4-genotype
soybean cultivars (Fig. 1). The values of H’β/H’γ of Rj2Rj3Rj4-genotype soybean cultivars,
tended to be comparatively lower than those of non-Rj- and Rj4-genotype soybean cultivars
and were similar to the values of H’β/H’γ of Rj2Rj3-genotype soybean cultivars.

With increasing cultivation temperature from low to high, the occupancy rate of the Bj123
cluster decreased and the occupancy rate of the Bj110 cluster increased. Furthermore, the
soybean cultivars with Rj2Rj3-genotypes and Rj2Rj3Rj4-genotypes showed a higher occupan‐
cy rate of the Bj110 cluster (50–73.8%) than other Rj-genotype soybean cultivars (Table 8),
suggesting that the host soybean Rj-genotype affected the infection of some specific bradyr‐
hizobia. Yamakawa et al. [23] reported that Rj2Rj3Rj4- genotype cultivars were superior to
other Rj-genotypes for inoculation with B. japonicum USDA110. In the present study, we did
not demonstrate the inoculum efficiency of B. japonicum USDA110; however, this previous
result suggested that Rj2Rj3- and Rj2Rj3Rj4- genotype soybean cultivars may enhance the oc‐
cupancy rate of the inoculum of B. japonicum USDA110. In addition, the occupancy rate of
the Bj110 cluster in Rj2Rj3Rj4-genotypes did not show significant differences among the three
cultivation temperature conditions tested (Table 8), suggesting that Rj2Rj3Rj4-genotype soy‐
bean cultivars were unaffected by cultivation temperature changes and may enhance the in‐
oculum efficiency such as that of B. japonicum USDA110.
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Table 8. Nodule occupancy rate of soybean-nodulating bradyrhizobia for cluster analysisa.
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Figure 1. Difference in beta diversity compared to gamma diversity (H’β/H’γ) among pairs of cultivation temperatures.
Each value is expressed as the mean ± the standard error (n = 3 or 4].

We also investigated the differences in bradyrhizobial communities for the pairs of cultiva‐
tion temperature. The nodulation tendencies of soybean cultivars were similar for each culti‐
vation temperature, and differences in the community structures between low and high
cultivation temperatures were relatively larger than the other comparisons, although the
statistical significant difference was not detected. This possible reason is that responses of
soybean cultivars for cultivation temperatures on soybean nodulating bradyrhizobial com‐
munities are different among each soybean cultivar even in same Rj-genotypes. Therefore,
analyses of soybean-nodulating rhizobial communities on not only Rj-genotypes but also ev‐
ery soybean cultivars must be conducted for environmental factors affecting soybean-nodu‐
lating rhizobial community structures such as cultivation temperature in further studies.
The responses of host soybean and soybean-nodulating bradyrhizobia under cultivation
conditions such as a suboptimal root zone temperature were reported previously. The low‐
ering of temperature delayed bradyrhizobia infection of soybean roots and lowered the gen‐
istein secretion from soybean roots [39, 40]. It also appeared to inhibit the expression of the
nodulation (nod) gene of soybean-nodulating bradyrhizobia [41]. However, Pan and Smith
[42] reported that the concentration of daidzein secreted from soybean roots increased with
decreasing root zone temperature. The physiological factors of bradyrhizobia involved in
the nodulation are the expression of the nod gene and growth capability in soil and rhizo‐
sphere. Yokoyama [43] demonstrated that the expression level of the nod gene of three Bra‐
dyrhizobium strains, B. japonicum USDA110 strain, B. elkanii USDA76 strain, and
Bradyrhizobium sp. TARC 64 strain (isolates from Thailand soil [44]), which were mutants of
nodY-lacZ fusion, were different depending on the incubation temperature (20, 23, 26, 30, 33,
35, 37, and 40˚C) and suggested that the transcriptional responses of the nod gene of US‐
DA110 strain and USDA76 strain were distinctly different at 23 to 35°C. Saeki et al. [28]
demonstrated that the population occupancy of four Bradyrhizobium USDA strains, B. japoni‐
cum USDA6T, 38, and 123 and B. elkanii USDA76T, in soil microcosms changed with different
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We also investigated the differences in bradyrhizobial communities for the pairs of cultiva‐
tion temperature. The nodulation tendencies of soybean cultivars were similar for each culti‐
vation temperature, and differences in the community structures between low and high
cultivation temperatures were relatively larger than the other comparisons, although the
statistical significant difference was not detected. This possible reason is that responses of
soybean cultivars for cultivation temperatures on soybean nodulating bradyrhizobial com‐
munities are different among each soybean cultivar even in same Rj-genotypes. Therefore,
analyses of soybean-nodulating rhizobial communities on not only Rj-genotypes but also ev‐
ery soybean cultivars must be conducted for environmental factors affecting soybean-nodu‐
lating rhizobial community structures such as cultivation temperature in further studies.
The responses of host soybean and soybean-nodulating bradyrhizobia under cultivation
conditions such as a suboptimal root zone temperature were reported previously. The low‐
ering of temperature delayed bradyrhizobia infection of soybean roots and lowered the gen‐
istein secretion from soybean roots [39, 40]. It also appeared to inhibit the expression of the
nodulation (nod) gene of soybean-nodulating bradyrhizobia [41]. However, Pan and Smith
[42] reported that the concentration of daidzein secreted from soybean roots increased with
decreasing root zone temperature. The physiological factors of bradyrhizobia involved in
the nodulation are the expression of the nod gene and growth capability in soil and rhizo‐
sphere. Yokoyama [43] demonstrated that the expression level of the nod gene of three Bra‐
dyrhizobium strains, B. japonicum USDA110 strain, B. elkanii USDA76 strain, and
Bradyrhizobium sp. TARC 64 strain (isolates from Thailand soil [44]), which were mutants of
nodY-lacZ fusion, were different depending on the incubation temperature (20, 23, 26, 30, 33,
35, 37, and 40˚C) and suggested that the transcriptional responses of the nod gene of US‐
DA110 strain and USDA76 strain were distinctly different at 23 to 35°C. Saeki et al. [28]
demonstrated that the population occupancy of four Bradyrhizobium USDA strains, B. japoni‐
cum USDA6T, 38, and 123 and B. elkanii USDA76T, in soil microcosms changed with different
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temperature conditions and indicated that USDA76T was dominant over a wide range of
temperature conditions, especially at higher temperature, whereas USDA123 was dominant
at low soil temperatures. These results suggested that temperature is one of the environmen‐
tal factors affecting the infection of soybean and the bradyrhizobia occupancy in soils. Fur‐
thermore, Duzan et al. [45] reported that the deformations of soybean root hair decreased
with decreasing root zone temperature. The infection and nodulation of soybean by bradyr‐
hizobia under different temperature conditions may be affected by other, as-yet-unknown
factors as well.

5. Rj-gene specific nodulation genes (Rj-gsn genes) of Bradyrhizobium
strains

Genotype-specific nodulation (gsn) genes are reported in B. japonicum. The nolA gene al‐
lowed serogroup 123 strains to nodulate soybean plants having USDA123 restricting Plant
Introduction (PI) genotypes [46]. The noeD gene restricted nodulation of soybean genotype
PI 417566 with USDA110 [47]. There have been, however, no reports of the identification of
the Rj-genotype specific nodulation (Rj-gsn) gene that is related to the incompatible combina‐
tions with Rj soybeans. This study reports the isolation and characterization of Tn5 mutants
of B. japonicum strain Is-1 with the ability to nodulate cv. CNS (Rj2Rj3) and shows the candi‐
dates of the Rj-gsn genes with the identifications of Tn5-flanking sequences in these mu‐
tants. As this is the first report to overcome the nodulation restriction conditioned by Rj2-
cultivars, these mutants will be helpful in identifying the Rj-gsn gene in further studies.

5.1. Materials and methods

Plants: Soybean (Glycine max L. Merr.) cvs. CNS (Rj2Rj3), D- 51 (Rj3), Hardee (Rj2Rj3), Hill
(Rj4) and IAC-2 (Rj2Rj3) were used. No soybean cultivar harboring only the Rj2-gene has been
reported to date. The Rj-genotypes are indicated in parentheses [11, 14].

Bacterial strains and plasmids: The bacterial strains and plasmids used in this study are de‐
scribed in Table 9. The B. japonicum strain Is-1 [13] and Tn5 mutants were grown on HM salt
medium [48] supplemented with 0.1% arabinose at 30˚C. Escherichia coli strains were grown
on Luria–Bertani medium [49] at 37˚C. Antibiotics were added to the media at the following
final concentrations: kanamycin at 50 µg mL-1 for Tn5 mutant and ampicillin at 100 µg mL-1

and kanamycin at 50 µg mL-1 for E. coli S17-1 harboring pUTKm (Table 9).

Tn5 mutagenesis: Transposon mini-Tn5 was introduced into B. japonicum strain Is-1 by mat‐
ing with E. coli strain S17-1 [50] carrying the suicide vector pUTKm [51]. The E. coli donor
strain S17-1 (pUTKm) was grown with kanamycin and ampicillin for 12 h at 100 rpm in a
rotatory shaker, and then 1 mL of culture was spun down for 2 min at 4,000 × g, and then
rinsed three times with HM salts medium [52] to remove the antibiotics, and then suspend‐
ed into 50 µL of HM salts medium. The B. japonicum strain Is-1 was grown for 6 days at 100
rpm in a rotatory shaker, and then 2 mL of the culture was spun down for 3 min at 9,000 × g
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and then suspended into 50 µL of HM salt medium. Equal volumes (50 µL) of E. coli donor
and B. japonicum recipient cells prepared as described above were mixed in a 1.5-mL eppen‐
dorf tube. The mating mixture was spread onto a cellulose acetate membrane filter (Advan‐
tec, Tokyo, Japan; pore size 0.45 µm). The mating was carried out on HM plates at 30˚C. The
incubation time of the mating was 2 days. After mating, cells were suspended in 1 mL of
HM salts medium and 100 µL aliquots of this suspension were spread onto 10 HM plates.
Kanamycin was added to select for kanamycine-resistant (Kmr) transconjugants.

Strain and plasmid  Relevant chracteristics  Reference or source
Bradyrhizobium japonicum
   Is-1  Incompatible with Rj2Rj3 soybean and compatible with Rj4 Ishizuka et al. (1991a)
   1C1  Is-1::Tn5 , Kmr This study
   1C2  Is-1::Tn5 , Kmr  This study
   5C1  Is-1::Tn5 , Kmr  This study

Table 9. Bacterial strains and plasmids used in this study

, y
   6C1  Is-1::Tn5 , Kmr  This study
   7C1  Is-1::Tn5 , Kmr  This study
   7C2  Is-1::Tn5 , Kmr  This study
   10C1  Tn5-induced spontaneous mutant, Km r  This study
   10C2  Is-1::Tn5 , Kmr  This study
Escherichia coli
   S17-1  pro thi recA hsdR; chromosomal RP4-2(Tnl ::ISRI tet::Mu Km::Tn7)  Simon et al. (1983)p ; ( ) ( )
   JM109  recA1; cloning strain  Takara Bio, Shiga, Japan
Plasmid
   pUTKm  Tn5-based delivery plasmid with Kmr, Ap r  Herrero et al. 1990
Km, kanamycin; Amp, ampicillin.

Table 9. Bacterial strains and plasmids used in this study.

Isolation of Tn5 mutants: All Kmr transconjugant colonies in each HM plate were suspend‐
ed in 20 mL of HM medium and cultivated for 7 days at 30˚C. These 10 cultures containing
Kmr transconjugants were separately spun down for 10 min at 6,000 × g and then rinsed
twice with half-strength modified Hoagland nutrient (MHN) solution [53] to remove the an‐
tibiotic. Each pellet of Kmr transconjugants was suspended in 60 mL of MHN solution.
These 10 suspensions were separately inoculated onto CNS (Rj2Rj3) at a rate of 5 mL per
seed in each pot. The pots and seeds were prepared as follows. Both vermiculite (2.8 L) and
MHN solution (1.4 L) were added to a 3.0-L porcelain pot and autoclaved at 121˚C for 20
min. The seeds were sterilized with 5% sodium hypochlorite for 5 min and then rinsed with
ethanol five times, and then rinsed with MHN solution five times. The surface-sterilized
seeds of CNS were planted in a vermiculite medium at a rate of 12 seeds per pot. The inocu‐
lated plants were grown in a phytotron controlled at 25 ± 1˚C under natural light conditions
and sterilized water was supplied to maintain the moisture content. After 4 weeks of culti‐
vation, Tn5 mutants were isolated from nodules produced on the root of CNS. The nodules
were washed to remove vermiculite and immersed in 95% ethanol for 1 min, and then in 5%
hydrogen peroxide solution for 5 min. The sterilized nodule was crushed and suspended in
5 mL of autoclaved 0.9% saline water. A drop of the turbid suspension was transferred to a
yeast extract mannitol agar (YMA) plate [16] containing Congo Red (25 µg mL–1) and
streaked. These plates were incubated for 7 days at 30˚C.
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and then suspended into 50 µL of HM salt medium. Equal volumes (50 µL) of E. coli donor
and B. japonicum recipient cells prepared as described above were mixed in a 1.5-mL eppen‐
dorf tube. The mating mixture was spread onto a cellulose acetate membrane filter (Advan‐
tec, Tokyo, Japan; pore size 0.45 µm). The mating was carried out on HM plates at 30˚C. The
incubation time of the mating was 2 days. After mating, cells were suspended in 1 mL of
HM salts medium and 100 µL aliquots of this suspension were spread onto 10 HM plates.
Kanamycin was added to select for kanamycine-resistant (Kmr) transconjugants.

Strain and plasmid  Relevant chracteristics  Reference or source
Bradyrhizobium japonicum
   Is-1  Incompatible with Rj2Rj3 soybean and compatible with Rj4 Ishizuka et al. (1991a)
   1C1  Is-1::Tn5 , Kmr This study
   1C2  Is-1::Tn5 , Kmr  This study
   5C1  Is-1::Tn5 , Kmr  This study

Table 9. Bacterial strains and plasmids used in this study

, y
   6C1  Is-1::Tn5 , Kmr  This study
   7C1  Is-1::Tn5 , Kmr  This study
   7C2  Is-1::Tn5 , Kmr  This study
   10C1  Tn5-induced spontaneous mutant, Km r  This study
   10C2  Is-1::Tn5 , Kmr  This study
Escherichia coli
   S17-1  pro thi recA hsdR; chromosomal RP4-2(Tnl ::ISRI tet::Mu Km::Tn7)  Simon et al. (1983)p ; ( ) ( )
   JM109  recA1; cloning strain  Takara Bio, Shiga, Japan
Plasmid
   pUTKm  Tn5-based delivery plasmid with Kmr, Ap r  Herrero et al. 1990
Km, kanamycin; Amp, ampicillin.

Table 9. Bacterial strains and plasmids used in this study.

Isolation of Tn5 mutants: All Kmr transconjugant colonies in each HM plate were suspend‐
ed in 20 mL of HM medium and cultivated for 7 days at 30˚C. These 10 cultures containing
Kmr transconjugants were separately spun down for 10 min at 6,000 × g and then rinsed
twice with half-strength modified Hoagland nutrient (MHN) solution [53] to remove the an‐
tibiotic. Each pellet of Kmr transconjugants was suspended in 60 mL of MHN solution.
These 10 suspensions were separately inoculated onto CNS (Rj2Rj3) at a rate of 5 mL per
seed in each pot. The pots and seeds were prepared as follows. Both vermiculite (2.8 L) and
MHN solution (1.4 L) were added to a 3.0-L porcelain pot and autoclaved at 121˚C for 20
min. The seeds were sterilized with 5% sodium hypochlorite for 5 min and then rinsed with
ethanol five times, and then rinsed with MHN solution five times. The surface-sterilized
seeds of CNS were planted in a vermiculite medium at a rate of 12 seeds per pot. The inocu‐
lated plants were grown in a phytotron controlled at 25 ± 1˚C under natural light conditions
and sterilized water was supplied to maintain the moisture content. After 4 weeks of culti‐
vation, Tn5 mutants were isolated from nodules produced on the root of CNS. The nodules
were washed to remove vermiculite and immersed in 95% ethanol for 1 min, and then in 5%
hydrogen peroxide solution for 5 min. The sterilized nodule was crushed and suspended in
5 mL of autoclaved 0.9% saline water. A drop of the turbid suspension was transferred to a
yeast extract mannitol agar (YMA) plate [16] containing Congo Red (25 µg mL–1) and
streaked. These plates were incubated for 7 days at 30˚C.
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Amplification of the Tn5-flanking sequence: Kwon and Ricke [54] developed an efficient
method to specifically amplify the transposon-flanking sequences with unique Y-shape link‐
ers. The amplification of Tn5- flanking sequence was carried out according to their method.
Because pUTKm was used to carry out Tn5 mutagenesis in both our study and the study by
Kwon and Ricke [54], the same oligonucleotides are used in these two experiments: Linker 1,
5′- TTTCTGCTCGAATTCAAGCTTCTAACGATGTACGGGGACACATG-3′; Linker 2, 5′-
TGTCCCCGTACATCGTTAGAACTACTCGTACCATCCACAT-3′; Y linker primer, 5′-
CTGCTCGAATTCAAGCTTCT-3′; Tn5 primer, 5′- GGCCAGATCTGATCAAGAGA-3′. The
genomic DNA was prepared using ISOPLANT (Nippon gene, Toyama, Japan). The Y linker
was designed to have a 3′ overhang complementary to the sticky end generated by the Nla
III or Sph I. In the present study, Sph I (Toyobo, Osaka, Japan) was used for digestion of the
genomic DNA. Polymerase chain reactions (PCR) were carried out using the Program Temp
Control System (ASTEC, Fukuoka, Japan) and TaKaRa Ex Taq Hot Start Version (Takara
Bio, Shiga, Japan). Thermal cycling conditions were as follows: initial denaturing was car‐
ried out for 2 min at 95˚C followed by 30 cycles of denaturing (30 s at 95˚C), annealing (30 s
at 60˚C) and extension (90 s at 70˚C). After the final cycle an extension step of 5 min at 70˚C
was added. The PCR products were analyzed on a 3% agarose gel (Nacalai Tesque, Kyoto,
Japan) and stained with ethidium bromide (Nacalai Tesque, Kyoto, Japan).

Cloning, DNA sequencing and sequence analysis: The PCR products were cloned with
pGEM-T Easy Vector System (Promega, Madison, WI, USA) (Table 9). Cloned DNA frag‐
ments were sequenced commercially by Macrogen (Seoul, Korea). Homology searches were
carried out using the BLASTN program in the RhizoBase, which is a database for the ge‐
nome of B. japonicum USDA110 (http://www.kazusa.or.jp/rhizobase/Bradyrhizobium/).

5.2. Results and discussion

Eight nodules and two popcorn-like nodules were produced on cv. CNS (Rj2Rj3) inoculated
with the Kmr transconjugants. Tn5 mutants (1C1, 1C2, 5C1, 6C1, 7C1, 7C2, 10C1 and 10C2)
were isolated from the eight nodules and no Tn5 mutants were isolated from the popcorn-
like nodules. The nodulation type [13] of Tn5 mutants was determined with CNS (Rj2Rj3)
and Hill (Rj4). All of them nodulated CNS effectively and retained the ability to nodulate
Hill effectively [55]. Nodule effectiveness was judged by whether or not the nodule section
indicated a section of red color. All Tn5 mutants were classified into nodulation type A. Al‐
though all nodules formed by Tn5 mutants indicated a red color section, the nitrogen fixa‐
tion activities were different for each one. In particular, the nitrogen fixation activities of 6C1
and 7C1 were drastically low. The nodulation profile test was carried out with D-51 (Rj3),
Hardee (Rj2Rj3) and IAC-2 (Rj2Rj3). All Tn5 mutants nodulated both the Rj2Rj3- and the Rj3-
cultivars effectively.

The results of the electrophoresis of the PCR products showed that all mutants except for
10C1 contained a single copy of Tn5 and that the fragment size of each PCR product was
different. The PCR product amplified from 10C1 was not detected [55]. These results are
equal to those obtained by genomic southern blot analysis (data not shown).
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Tn5 mutant Length  Identity Location† Gene ‡ Deduced gene product
   1C1 773 769/773(99%)  5009532–5010304 b bll4521 Probable rare lipoprotein A
   1C2 § 1484  1478/1484(99%) 8203627–8205110 b bsr7468 Cold shock protein
   5C1 756  752/756(99%)  1540572–1541327 b  blr1414 Transcriptional regulatory protein ArsR family

6C1 227 227/227(100%) 1308155 1307929 b bll1193 I l i b b li i

Table 10. Results of the blast searches of Tn5-flanking sequences based on RhizoBase

   6C1 227 227/227(100%) 1308155–1307929 b bll1193 Integral inner membrane metabolite transport protein
   7C1 1896  1892/1896(99%)  6149473–6151368 b bll5593 Unknown protein
   7C2 2092  2070/2092(98%) 6353378–6355469 b blr5786 Putative integral membrane protein
   10C2 2092  2070/2092(98%)  6353378–6355469 b blr5786 Putative integral membrane protein
†The location in the genome of USDA110 homologous to the Tn5 flanking sequence is shown. ‡The gene of USDA110 that contains the homologous
sequence to the Tn5-flanking sequence inside or upstream of itself is shown. §The location in the genome of USDA110 homologous to the Tn5
flanking sequence of 1C2 is upstream of bsr7468.

Table 10. Results of the blast searches of Tn5-flanking sequences based on RhizoBase.

The results of blast searches of cloned PCR products against the RhizoBase revealed that all
homologous sequences to Tn5-flanking sequences were found in the complete genome se‐
quence of B. japonicum USDA110 [56] (Table 10). All of them were located in different re‐
gions in the genome of B. japonicum USDA110 and all of them except for one in mutant 1C2
are within the open reading frames predicted by the USDA110 genome sequence project
(Table 10). Using the “plasmid rescue” method [57], we have already determined Tn5-flank‐
ing sequences longer than the ones found in this report [58]. These sequences have been de‐
posited into the DNA Data Bank of Japan (DDBJ) database (sequential accession numbers
AB243409 through to AB243415].

B. japonicum strain USDA110 has an ability to form root nodules on soybeans (Glycine max L.
Merr.) and is superior at symbiotic nitrogen fixation with soybeans compared with other
strains [2]. The complete genome sequence of this strain has been determined [56]. This se‐
quence information is a useful tool to determine the mechanism of nodulation and nitrogen
fixation in B. japonicum. The effect of rhizobial inoculation depends largely on the nitrogen
fixation ability of the strain that forms most of the nodules. However, in soils containing in‐
digenous bradyrhizobia, the inoculation of highly effective rhizobia does not always result
in the formation of effective nodules and in high nitrogen fixation [59]. To improve the effec‐
tiveness of the inoculation, the molecular genetic information of various strains, as well as
USDA110, is believed to be required. The B. japonicum strain Is-1 nodulated Hill (Rj4) but did
not nodulate CNS (Rj2Rj3) and was classified into the nodulation type B. Although the gsn
genes have been reported [46, 60], there have been no reports of the identification of an Rj-
gsn gene. In this study, Tn5 mutants were isolated from nodules produced on CNS inoculat‐
ed with the Kmr transconjugants. It is confirmed that these mutants are derived from Is-1
using amplified fragment length polymorphism (AFLP) analysis [61].

Tn5-flanking sequences were specifically amplified from Tn5 mutants except for 10C1 [58].
These results show that all mutants except for 10C1 contained a single copy of Tn5 and that
each Tn5 insertion site was different and that 10C1 is probably a spontaneous kanamycin-
resistant mutant. Wei and Bauer [62] also reported that Tn5-induced mutants with different
phenotypes from the wild strain did not contain Tn5 insertion. The analyses of these sequen‐
ces showed that all Tn5 mutants contained a single copy of Tn5 and that each Tn5 insertion
site was different. There was no clear relationship among the Tn5-inserted gene products.
However, most of the Tn5-inserted gene products related to the cell membrane structure
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homologous sequences to Tn5-flanking sequences were found in the complete genome se‐
quence of B. japonicum USDA110 [56] (Table 10). All of them were located in different re‐
gions in the genome of B. japonicum USDA110 and all of them except for one in mutant 1C2
are within the open reading frames predicted by the USDA110 genome sequence project
(Table 10). Using the “plasmid rescue” method [57], we have already determined Tn5-flank‐
ing sequences longer than the ones found in this report [58]. These sequences have been de‐
posited into the DNA Data Bank of Japan (DDBJ) database (sequential accession numbers
AB243409 through to AB243415].

B. japonicum strain USDA110 has an ability to form root nodules on soybeans (Glycine max L.
Merr.) and is superior at symbiotic nitrogen fixation with soybeans compared with other
strains [2]. The complete genome sequence of this strain has been determined [56]. This se‐
quence information is a useful tool to determine the mechanism of nodulation and nitrogen
fixation in B. japonicum. The effect of rhizobial inoculation depends largely on the nitrogen
fixation ability of the strain that forms most of the nodules. However, in soils containing in‐
digenous bradyrhizobia, the inoculation of highly effective rhizobia does not always result
in the formation of effective nodules and in high nitrogen fixation [59]. To improve the effec‐
tiveness of the inoculation, the molecular genetic information of various strains, as well as
USDA110, is believed to be required. The B. japonicum strain Is-1 nodulated Hill (Rj4) but did
not nodulate CNS (Rj2Rj3) and was classified into the nodulation type B. Although the gsn
genes have been reported [46, 60], there have been no reports of the identification of an Rj-
gsn gene. In this study, Tn5 mutants were isolated from nodules produced on CNS inoculat‐
ed with the Kmr transconjugants. It is confirmed that these mutants are derived from Is-1
using amplified fragment length polymorphism (AFLP) analysis [61].

Tn5-flanking sequences were specifically amplified from Tn5 mutants except for 10C1 [58].
These results show that all mutants except for 10C1 contained a single copy of Tn5 and that
each Tn5 insertion site was different and that 10C1 is probably a spontaneous kanamycin-
resistant mutant. Wei and Bauer [62] also reported that Tn5-induced mutants with different
phenotypes from the wild strain did not contain Tn5 insertion. The analyses of these sequen‐
ces showed that all Tn5 mutants contained a single copy of Tn5 and that each Tn5 insertion
site was different. There was no clear relationship among the Tn5-inserted gene products.
However, most of the Tn5-inserted gene products related to the cell membrane structure

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

104

(e.g. the probable rare lipoprotein A, cold shock protein, the transcriptional regulatory pro‐
tein ArsR family, integral inner-membrane metabolite transport protein and putative inte‐
gral membrane protein) (Table 10). The probable rare lipoprotein A, integral inner-
membrane metabolite transport protein and putative integral membrane protein are a part
of the membrane structure. Meanwhile, it is thought that cold shock protein and the tran‐
scriptional regulatory protein ArsR family may be indirectly related to the membrane struc‐
ture. The membrane-bound pump is regulated by the ArsR family [63] and the relationship
between cold shock protein and membrane composition was reviewed by Ulusu et al. [64].
Therefore, changes or damage to the cell membrane structure in mutants may overcome the
nodulation restriction conditioned by Rj2-soybean. Judd et al. [65], however, reported that
the transposon was not responsible for host range extension in the Tn5 mutant of USDA 438.
In the future, we must confirm that the Tn5 insertion is responsible for the acquisition of the
ability to nodulate Rj2-soybean.

6. Inoculation techniques using compatibility between Rj-genes and
Bradyrhizobium strains

In  our  laboratory,  an experiment  for  testing effects  of  inoculation into  a  cylindrical  soil
block  from just  above  the  seed  were  conducted  using  bacterial  suspension  of  Bradyrhi‐
zobium japonicum USDA110 as useful rhizobia in the past. The results showed that the oc‐
cupation  ratio  of  USDA110  in  the  tap  roots  was  as  high  as  70-100%  and  that  in  the
lateral root was 44-77% lower than that of tap root and decreased in progression of the
growth  and  developing  of  the  host  plant.  In  particular,  the  extreme  decrease  of  US‐
DA110 occupation was observed in soybean variety Fukuyutakaa,  which was cultivated
as a recommended variety in the southwest warm region of Kyushu in Japan. It is likely
that the cause of reduced occupancy in lateral roots occurred because rhizobia were ino‐
culated in the narrow range around the tap root,  while  lateral  roots  continued to grow
outside  of  the  inoculation  column.  If  the  range  of  inoculation  were  enlarged,  the  occu‐
pancy ratio of lateral roots probably would have increased.

In 2005, a field experiment was conducted to clarify the effect of the difference on soybean
production between the inoculation of rhizobia on the seed surface compared with the plow
layer [66]. Non-inoculated plot (NI), seed coat inoculation (SI) plot, and plow layer rhizobial
solution inoculation (RI) plots were tested in three replications. Rhizobial concentration for
inoculation was 107 cells/seed in both plots. As the result, the number of nodulation and the
occupancy ratio of serotype USDA110 were highest in the SI plot, however yield (kg/10a)
was higher in the RI plot versus other plots. This occurred is because the inoculum density
in the SI plot was high, resulting in many nodules formed. This increased competition of
photosynthetic products between the growth of soybean and nodulation, and consequently
the initial growth was suppressed. For the SI plot, the effect of inoculation was expected to
decline with time. In addition, since the occupancy ratio of inoculum was less than 50%, it is
considered likely that the yield would increase if the seed surface inoculation were high.
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Based on these results, it is important to examine the relationship between nodulation meth‐
od and the effective inoculum concentration on the seed.

Therefore, the purpose of this study was to clarify the effect of the difference in inoculation
method and inoculum density of B. japonicum USDA110 on soybean production.

6.1. Materials and methods

Soybean (Glycine max L. Merr.) variety Fukuyutak and B. japonicum USDA110 having uptake
hydrogenase (Hup+) were used in this experiment. B. japonicum USDA110 was cultured in
HM medium for eight days with shaking at 30˚C used for inoculation. Fukuyutaka was cul‐
tivated in the farm of Kyushu University Faculty of Agriculture, where barley was grown as
the previous crop and soybean had not been grown for the past five years. Experimental
plots had three replications for the treatments: non-inoculation (NI) plot, seed coat inocula‐
tion (SI) plots; 105 cells/seed (SI5) plot and 107 cells/seed (SI7) plot, and plow layer rhizobial
peat-moss inoculation (PI) plots; 107 cells/seed (PI7) plot and 109 cells/seed (PI9) plot. Peat-
moss inoculation was conducted using mixture of BM2 (raw materials: peat-moss, Group
Berger Peat Moss Ltd., Canada) USDA110 culture inoculated into the plow layer before seed
sowing to be 107 or 109 cells/seed.

Inoculum for SI plot per 100 seeds was made from 1.5 mL deionized water and 10 ml of
12% aqueous solution of gum arabic, 10 g of BM2 and 0.015 mL (SI5) or 1.5 mL (SI7) of
USDA110  culture  solution  (1  ×  109  cells/mL).  Inoculum  for  PI  plot  per  m2  was  mixed
well BM2 of 200 g spread on the plastic sheet, tap water of 40% of the maximum water
holding  capacity  of  BM2  and  USDA110  culture  solution  of  0.25  mL  (107  cells/seed)  or
25.0  mL  (109  cells/seed).  After  spraying  the  mixture  into  the  row  of  the  test  plot,  the
rows were plowed (approximately 15 cm depth)  by a  tractor.  The amount of  USDA110
in the plow layer after inoculation was 107 or 109 cells per 1,800 cm3 (60 × 20 × 15 cm3) of
soil  occupying  the  root  zone  of  one  hill  (three  seeds  sown).  As  a  result,  the  inoculum
density of USDA110 in the plow layer of each plot, PI9 and PI7 was estimated to be 1.7
× 103 and 1.7 × 105 cells/g DW soil. The amount of lime carbonate for adjusting to 6.5 soil
pH was estimated by the buffer curve method using soil samples collected from 6 points
(15 cm soil  depth)  in the experimental  field.  After  applying the lime carbonate,  on July
11,  Mame kasei  (3.0% ammonia  nitrogen,  10.0% acid  soluble  phosphorus,  10.0% water-
soluble potash) was applied at a rate of 80 kg per 10 a to all layers. Inoculation of the PI
plot was done on July 18.  On July 28,  seeds of Fukuyutaka of all  plots were sown into
hills of either 20 or 60 cm apart, at a depth of approximately 2-3 cm. The seedlings were
thinned to two seedlings at the trifoliate stage (V2). At V5 stage, the inter row area was
cultivated  and  ridged.  Pesticides  were  sprayed  according  to  the  occurrence  of  insect
pests. Plants of one hill per each plot were sampled for roots at V6.4 and R5.7 stage, and
10 hills were harvested by cutting the stem at R8 stage (November 2 or 8).

To estimate the density of indigenous rhizobia, soils were collected from two locations in the
experimental field before fertilization and the rhizobia density was measured by the most
probable number (MPN) method using soybean cultivars, Orihime (non-Rj-genotype) and
Fukuyutaka (Rj4-genotype). Plants sampled for roots at V6.4 and R5.7 stage [67] were divid‐
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Based on these results, it is important to examine the relationship between nodulation meth‐
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ed into shoots and roots. Roots were used for measurement of acetylene reduction activity
(ARA) and counting of nodules. Counting of nodules was done after partitioning the plant
into five parts the upper 3 cm of tap root, the lower part of the tap root, the lateral roots
generated from the upper tap root, the lateral roots generated from the lower tap root and
the superficial roots. Nodules from these samples were freeze-dried. Plant parts were air-
dried at 80˚C for 24-48 hrs. Also, in order to determine the effect of inoculation, the freeze-
dried nodules were evaluated with serological tests performed using USDA110 antiserum
produced previously in our laboratory. USDA110 occupancy was analyzed by the χ2 test.

After examining individual harvest yield components (effective number of pods/m2, seeds
number/pods, complete seed percentage, one hundred seed weight (g), yield (g/m2) in each
plot), plant dry weight of plant part was weighed. For each growth stage, significant differ‐
ences were determined according to LSD test (Fisher) after ANOVA analysis.

6.2. Results and desucassion

Occupation of useful rhizobium inoculated on the seed coat was known to be low because of
their low competition against indigenous rhizobia. This object was to clarify the effect of in‐
oculation method and inoculum density of B. japonicum USDA110 on production of soybean.
Five experimental plots were designed:, no inoculation (NI), seed coating inoculation with a
density of 105 cells/seed (SI5) and 107 cells/seed (SI7), previous inoculation into the root zone
with a density of 1.7×103 cells/g soil (PI7) and 1.7×105 cells/g soil (PI9). The PI plots were
plowed after the BM2 mixture was soaked with rhizobium culture.

Upper Lower Upper Lower
V6.4 NI 13.7 32.7 24.3 39.7 b 13.7 124.0

SI5 18.3 37.7 33.0 38.3 b 16.3 143.7

Table 11. Transition of nodule number in each growth stage effected by inoculation methods
Tap root Lateral rootsSuperficical

root
TreatmentGrowth

Stage
Total

SI5 18.3 37.7 33.0 38.3 b 16.3 143.7
SI7 17.3 33.0 18.7 42.7 b 27.7 139.3
PI7 8.3 33.7 34.7 70.7ab 25.3 160.7
PI9 16.0 21.0 24.0 90.7 a 18.3 170.0

R5.7 NI 47.7 46.7 28.0 a 214.3 35.3 372.0
SI5 55.0 30.3 24.7ab 167.0 27.7 304.7
SI7 61.7 37.3 13.3 b 211.3 34.0 357.7SI7 61.7 37.3 13.3 b 211.3 34.0 357.7
PI7 31.3 32.0 15.7ab 237.7 25.3 342.0
PI9 39.0 29.3 14.0ab 183.3 27.0 292.7

Mean followed by same and without letters within a column of each stage are not significantly different using LSD (P<0.10).

Table 11. Transition of nodule number in each growth stage effected by inoculation methods.

Table 11 shows the effect of inoculation methods on nodulation efficiency. The PI treatment
had high efficiency for the lateral roots at the V6.4 stage, but at R5.7, the efficiency was low.
For all other root positions and inoculation methods, the efficiency was low. Occupation ra‐
tio of serotype USDA110 on the total root was significantly highest for SI7 and PI9 and low‐
est in PI7 at the V6.4 stage. At the R5.7 stage, the occupation ratio in the superficial and
upper lateral roots increased especially by inoculation with the B. japonicum USDA110, ex‐
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cept the superficial roots of PI7. Also, for whole roots, the occupation ratio was significantly
increased by inoculation of B. japonicum USDA110, except for PI7 (Table 12). However, the
ARA showed a tendency to decrease with high density inoculum (Table 13). These results
were complemented by seed yields of Fukuyutaka being highest in SI5 and SI7 (Table 14).

Table 12. Occupation ratio of serotype USDA110 in nodule of each growth stage.

V6.4 R5.7
NI 48.0 a 9.2 c
SI5 50.0 a 16.3 b
SI7 39.1ab 7.9 c
PI7 48.0 a 28.4 a

Table 13. Acetylene reduction activity (ARA: µmole g-1 DW) at each growth stage

Treatment Growth stage

PI9 33.3 b 10.1 c
Mean followed by same and without letters within a column of each stage are not significantly different using LSD (P<0.10).

Table 13. Acetylene reduction activity (ARA: μmole g-1 DW) at each growth stage.

Pod number Seed number 100 seed Yield
m-2 pod-1 g DW g DW m-2

NI 477.5 1.81 0.93 21.2 165.5 b 0.57
SI5 545.5 1.85 0.94 21.5 210.2 a 0.58
SI7 527.5 1.80 0.92 22.7 195.9 a 0.55
PI7 486.7 1.84 0.94 20.6 172.7 b 0.57

Table 14. Seed yield and yield components of each treatment

Tratment Full seed ratio Yield index

PI9 577.8 1.79 0.93 21.8 208.8 a 0.56
Mean followed by same and without letters within a column of each stage are not significantly different using LSD (P<0.10).

Table 14. Seed yield and yield components of each treatment.

Consequently, in SI5, SI7, and PI9 plots, occupation of serotype USDA110 was significantly
high vs. other treatments. Since greater fixed nitrogen was distributed for these treatments
to pods and seeds, yield (g/m2) significantly increased. It was thought that the density of 105

cells/seed was more effective at seed inoculation because there were no effect by increasing
the inoculum above this density. And from the results of the PI9 plot, it was thought previ‐
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ous inoculation using BM2 (1.7×105 cells/seed) was effective in competition with the indige‐
nous rhizobia for nodulation.

Previous work showed that to successfully compete with indigenous rhizobium, introduced
inoculum must be 1000 times greater [1]. However, in Canada, standard inoculum for soy‐
bean, kidney bean, and pea were 105 cells/seed [60]. Others have reported unsuccessful nod‐
ulation at high concentrations of B. japonicum USDA110 [68]. In this study, we demonstrated
a significant increase in yield in both SI5 and SI7 treatments with inoculation concentrations
of 105 cell/seed and 1.7 x 105 cell/seed, respectively. Increased inoculum density above these
levels did not increase seed yield. We concluded that it is possible to increase yield through
the introduction of rhizobium species having greater nitrogen fixation rates.
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1. Introduction

The world population is consistently increasing, and it is over 7 billion in 2012, while the
land area for agricultural use is limited. Therefore, the increase in crop production per area
is very important. Soybean (Glycine max (L.) Merr.) originates from East Asia, and soybean
seed is one of the most important protein sources for human and livestock all over the
world. Annual production of soybean (262 M (million) t in 2010) is the fourth of the major
grain crops, after maize (844 M t), paddy rice (672 M t) and wheat (650 M t) [1]. In the whole
world, over 85% of soybean is used for oil and the residue is used for animal feed. Annual
soybean seed production has been steadily increasing for recent decades (91 M t in 1980, 109
M t in 1990, 161 M t in 2000, 262 M t in 2010) [1]. The cultivation area of soybean is 102 M ha
in 2010. Major soybean production countries (annual production in 2010) are USA (90.6 M t),
Brazil (68.5 M t), Argentina (52.7 M t), China (15.1 M t), and India (9.8 M t) in this sequence.
Soybean production in Japan in 2010 was only 223,000t and it accounted for 5% of the total
consumption in Japan. The world average seed yield is 2.56 t ha-1 in 2010, and is higher in
the USA (2.92 t ha-1), Brazil (2.94 t ha-1), and Argentina (2.90 t ha-1) compared with China
(1.77 t ha-1), Japan (1.62 t ha-1) and India (1.07 t ha-1) and other countries.

The nutrient composition of soybean seeds (per 100 g) produced in Japan is as follows [2];
energy 417 kcal (1,745 kJ), water 12.5g, protein 35.3g, lipids 19.0g, carbohydrate 28.2g, min‐
erals 5g. The composition is quite different from the other grain crop seeds, such as “Paddy
rice”; energy 350 kcal (1,464 kJ), water 15.5g, protein 6.8g, lipids 2.7g, carbohydrate 73.8g,
minerals 1.2g, “Wheat“; energy 337 kcal (1,410 kJ), water 12.5g, protein 10.6g, lipids 3.1g,
carbohydrate 72.2g, minerals 1.6g, and “Corn”; energy 350 kcal (1,464 kJ), water 14.5g, pro‐
tein 8.6g, lipids 5.0g, carbohydrate 70.6g, minerals 1.3g. The protein concentration in soy‐
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bean seeds is very high about 4-5 times higher than that of rice, wheat and corn, but
carbohydrate concentration is lower.

The storage protein of soybean seeds mainly consists of glycinin and β-conglycinin. The β-
conglycinin is comprised of three subunits, designated as α’, α, and β-subunits. The β-subu‐
nit of β-conglycinin is especially low in sulfur amino acids, containing only one cysteine and
no methionine residue in its mature form. Soybean seeds contain a large amount of lipids
(20%), and about 90% is unsaturated fatty acid (linoleic acid 51-57%, oleic acid 32-36% and
linolenic acid 2-10%) and 10% is saturated fatty acid (palmitic acid 4-7%, stearic acid 4-7%)
[3]. Linoleic acid and linolenic acid are essential lipids, which cannot be synthesized by our‐
selves. Although soybean seeds contain about 28% carbohydrates, most of them are struc‐
tural carbon like cell walls and oligosaccharides (sucrose 5%, stachyose 4%, raffinose 1%).
Starch is tentatively accumulated in young immature soybean seed, however, it decreases
and converts to lipid and protein at maturity. Soybean seeds contain relatively a high
amount of minerals (5%) compared with cereal seeds (about 1%). Soybean seeds contain
abundant potassium (1,900 mg), calcium (240 mg), magnesium (220 mg), phosphorous (220
mg), iron (9.4 mg), zinc (3.2 mg) per 100g seeds. Soybean seeds contain vitamins, both lipid
soluble vitamins (Vitamin E (1.8 mg)) and water soluble vitamins (V B1 (0.83 mg) and V B2

(0.30 mg)). Soybean seeds contain isoflavonoids, daidzein and genistein. These isoflavonoids
are expected to play a role as a female hormone or to decrease fat in blood.

2. Soybean seed yield

2.1. Potential of soybean yield

The world average soybean yield has been increasing by about 60% for 30 years from 1980
(1.6 t ha-1) to 2010 (2.6 t ha-1). The highest yield of soybean in Japan was recorded at 7.8 t ha-1,
and soybean seed yield can reach 4-6 t ha-1 with well-managed fields under good climatic
and soil conditions [4]. Recently, an amazing high soybean seed yield over 10 t ha-1 was re‐
corded in 2008 and 2010 by a farmer, Mr. Kip Cullers in Missouri, USA [5]. Therefore, the
potential productivity of soybean should be much higher than we have thought.

Figure 1 shows the yield components of soybean. Soybean “seed yield” is calculated by mul‐
tiplying the “seed number” per area and one average “seed weight”. Seed number per area
is calculated by the “pod number” and the average “seed number per pod”. The pod num‐
ber is decided by “flower number” and the “pod formation rate”. The flower number de‐
pends on the “node number”. The node number per area is decided by “stem number per
plant” and “planting density”.

Farmers can control the planting density. Planting density is an important factor for soybean
growth and seed yield, although the planting density is not directly proportional to the dry
matter production and seed yield. When planting density is high, the branching of each
plant is depressed and the number of the lateral stems decrease. In addition, under excess
planting density the competition for photosynthesis and nutrient absorption among plants
become severe and the stems grow tall and thin and plants are proneto lodge.
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Figure 1. Yield components in soybean cultivation.

Generally, soybean seed yield depends mostly on pod number per area. Generally over 50%
of soybean flowers and young pods abort and they don’t make mature pods and seeds. Un‐
der bad weather and growing conditions, the percentage of flower and pod abortion in‐
creases. The average number of seeds in a pod is relatively constant, although the seed
number per pod differs from 1 to 4 in soybean. Average seed weight is affected by growing
conditions in late growth stages.

Figure 2. Pod number per a plant grown in the same row in Nagakura field in 2011. A: The number shows the original
position in the row. B: The number of the plant is sorted from low to high pod number.

The low average yield compared with potential productivity (10 t ha-1) may be due to sever‐
al factors that interfere with maximum growth. First, soybean plants are very susceptible to
physical, chemical and biological conditions of the soil as well as climatic conditions. Figure
2 shows the pod number per plant of soybean plants grown in a row. Figure 2A shows the
data of the plants at the original position of the row, and Figure 2B shows data are sorted

Soybean Seed Production and Nitrogen Nutrition
http://dx.doi.org/10.5772/45867

117



from low to high pod number. In this row, the highest pod number was about 180 and the
lowest was only 18, and the average pod number was about 100 pods per a plant. As shown
in Figure 2A, a plant with many pods tended to neighbor to a plant with low pod number.
This may be mainly due to competition for solar radiation, and the plant growth is easily
depressed by shading of neighbor bigger plant.

Another example of adaptation of soybean plants to environmental conditions is shown in Fig‐
ure 3 and 4. When soybean plants are planted in a small pot, the growth was inferior (Figure 3)
and the “dwarf” soybean formed only 3-5 pods with normal seeds. Figure 4 shows an example
of “giant“ soybean cultivated with a low planting density at 2 plants m-2 [6]. This plant had a
very thick basal stem (25 mm diameter), and the dry weight per a plant was 572g (leaves 100g,
stems 204g, pods 220g, roots 41g, and nodules 7g). It had 1,874 nodules on the roots. The plant
had 17 lateral branches, 178 stem nodes, 600 pods and 1,687 seeds as shown in Figure 5.

Figure 3. Soybean plants grown in a small flask.

Figure 4. Soybean plants (cv. Williams) cultivated at the density of 2 plants m-2 in Ikarashi sandy dune field in 2000. [6]
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Figure 5. Characteristics of soybean plant (cv. Williams) cultivated at the density of 2 plants m-2 in Ikarashi sandy dune
field in 2000. [6]

2.2. Characteristics of soybean growth

Optimal planting date for a cultivar in the growing area is very important to get good
growth and seed yield. When planting is delayed only a few weeks, the stem length and
plant dry matter accumulation at R1 stage may decrease by half. Optimum planting density
is also important. In Niigata, the planting density for cultivar “Enrei” is 89,000 plants ha-1 by
a single seed planting, which means one seed is planted in each seeding spot, with 75 cm
row spacing and 15 cm planting distance in a row. When the germination rate of the seeds is
not good, the planting density will decrease. Therefore, multiple seeding is sometimes car‐
ried out to avoid subnormal plant population. However, the total number of nodes, pods
and seeds per area are almost the same between single-seeded and multi-seeded planting.

Figure 6 shows the stage description for the vegetative and reproductive growth of soybean
proposed by Fehr and Caviness [8]. Soybean seeds germinate in a few days and emergence
of seedling occurs about 7-10 days after sowing (PE stage), if soil moisture and temperature
are optimum. After cotyledon leaves appear, a pair of unifoliolate leaves unroll (VC stage).
During this stage, the storage compounds in the cotyledons support the nutrition for root
and shoot growth. Then trifoliolate leaves appear one by one at V1 (the first trifoliolate leaf),
V2 (the second trifoliolate leaf) and so on (Vn stage), and the shoot and roots grow during
the vegetative stage.

The reproductive growth starts from beginning bloom (R1 stage). Soybean is short-day
plant, and they bloom when the day length become shorter than 14 hrs, although it depends
on the varieties and planting date. Bloom period lasts for 15-50 days from the beginning to
the end of bloom. Full bloom is described as R2 stage. Pod initiation starts (R3 stage) about
one month after the R1 stage. Then about one month after R3 stage, the seed begins to en‐
large (R5 stage) to full seed (R6 stage). By one month after R5, the soybean plant starts to
become mature (R7 stage). At 2-3 weeks after the R7 stage, the plant dries down to harvest
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maturity (R8 stage). Vegetative growth continues after R1 in both determinate and indeter‐
minate soybeans. Vegetative growth of stems and leaves does not stop until about the R5
stage.

Figure 6. Stage description for the vegetative and reproductive growth of soybean. (from Clemson Cooperative Exten‐
sion, Home Page)

Root growth starts with a seminal root, which becomes a primary root. The secondary roots
are formed from the primary root. The first root nodules are formed on the basal part of the
primary roots, and they become visible at about 10 days after planting. They start to fix ni‐
trogen (N2) at about 15-20 days after planting when the diameter reaches about 2 mm [9]. In
the later stage, the nodules formed at the basal part of primary roots degrade, and a large
number of new nodules form on the lateral roots near the soil surface, and they play an im‐
portant role for supplying N during the pod filling stage.

2.3. Factors affecting soybean yield

Soybean plants are very susceptible to environmental conditions, such as climatic conditions
(solar radiation, day length, temperature, rain fall etc), soil conditions (drought, excess water,
pH, soil fertility, mineral nutrition, etc). Secondly, soybean seed yield often severely declines
with pests, such as insects, weeds, diseases, and nematodes. Third, nitrogen fixation by the root
nodules (Figure 7) with the soil microorganism bradyrhizobia is very important for soybean
production [10,11], however, it is difficult to obtain the optimum condition of nodulation and
nitrogen fixation. The nodule formation and nitrogen fixation is sensitive to the external factors
such as climate, soil properties, pests etc, and internal factors such as competition among plants
or competition among organs, pods, leaves, roots and nodules. Therefore, many stress condi‐
tions, such as drought stress, decrease in oxygen supply, a high or low pH, nutrient imbalance
etc., may depress nodule formation and nitrogen fixation activity. In addition, low population
of compatible bradyrhizobia or the dominance of inefficient strains of indigenous bradyrhizo‐
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bia in the field may decrease nitrogen fixation activity. The inoculation of efficient strains of bra‐
dyrhizobia may promote soybean growth and seed yield.

Figure 7. A photograph of the nodulated roots of soybean plant (cv. Williams) inoculated with Bradyrhizobium japoni‐
cum USDA110 and cultivated in a glass bottle with culture solution.

In Japan, over 80% of soybean cultivation is carried out in rotated paddy fields by block ro‐
tation with rice, because rice has been over produced in Japan. For example, one block of
rice field is drained and soybean cultivation continued there for 3 years. Then this field is
returned to rice cultivation for the next 3 years. When drainage of water is good and the
ground-water level is maintained at lower than 30cm, soybean cultivation will be successful.
However, bad drainage of water like in heavy clay soil near Niigata will depress root and
nodule development. Therefore, soybean growth and seed yield is very poor. Hosokawa de‐
veloped a new method of a raised planting bed cultivation by changing the blades of a re‐
verse rotary tiller. Soybean plants grow very well in a raised bed due to efficient drainage of
water especially after heavy rain fall. Nagumo et al. reported that a higher seed yield has
been obtained by raised bed tillage with sigmoidal releasing-type coated urea fertilizer in
the rotated paddy field under poor drainage conditions. Respiration of nodules and roots is
severely depressed by excess water in soil due to oxygen deficiency. Soybean plant can be
cultivated in water culture (Figure 7) when aeration is good. However, under water logging
conditions, oxygen deficiency in soil occurs, because diffusion of oxygen through water is
very slow compared with gas diffusion through soil, and soil microorganisms respire O2 ac‐
tively under high temperature conditions. It is known that soybean nodule respiration is
about 4 times higher than that in roots in order to support nitrogen fixation activity and ni‐
trogen assimilation to ureides. Therefore, low oxygen supply is fatal for nodules.

2.4. Nitrogen assimilation and seed yield

Soybeanplants assimilate a large amount of nitrogen during both vegetative and reproduc‐
tive stages, and the total amount of N assimilated in a plant is highly correlated with the
soybean seed yield. One t of soybean seed requires about 70-90 kg N, which is about four
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times more than in the case of rice [13]. Soybean plants assimilate the N from three sources,
1) N derived from symbiotic N2 fixation by root nodules (Ndfa), 2) absorbed N from soil
mineralized N (Ndfs), and 3) N derived from fertilizer when applied (Ndff) (Figure 8). For
the maximum seed yield of soybean, it is necessary to use both N2 fixation and absorbed N
from roots [14-15]. When only N2 fixation is available to the plant vigorous vegetative
growth does not occur, which results in reduced seed yield. On the other hand, a heavy sup‐
ply of N often depresses nodule development and N2 fixation activity and induces nodule
senescence, which also results in reduced seed yield. In addition, a heavy supply of N from
fertilizer or from the soil causes luxuriant shoot growth, which result in lodging and poor
pod formation. Therefore, for soybean cultivation no nitrogen fertilizer is applied or only a
small amount of N fertilizer is applied as a “starter N” to promote the initial growth.

Figure 8. Three sources of nitrogen for soybean plants, nitrogen fixed in root nodules, nitrogen absorbed by roots
from fertilizer and from soil nitrogen.

In Niigata fields, about 60-75% of N assimilation in soybean was estimated to derive from
N2 fixation [16,17]. Figure 9 shows the growth of cultivar “Enrei” and the non-nodulated iso‐
genic line “En1282” planted in the same Nagakura field. It is obvious that non-nodulated
soybean grew very poor with pale leaf color due to N deficiency by the lack of nitrogen fixa‐
tion. It is said that the legume nitrogen fixation is variable, but it is a valuable process in
world agriculture [18-20].

3. Characteristics of nitrogen nutrition of soybean

3.1. Characteristics of nitrogen nutrition related to seed yield

Soybean seed contains an extraordinary high concentration of protein about 35-40% based
on the seed weight. Many field researches showed the soybean seed yield is proportional to
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the total assimilated N in plants. Figure 10 shows the relationship between total amounts of
N in soybean shoot at the R7 stage and seed yield in rotated paddy field in Nagakura from
1989-1991 [21]. The seed yield exhibited a linear correlation (r=0.855) with the amount of ni‐
trogen accumulation.

Figure 9. Comparison of the growth of nodulating soybean cv. “Enrei” (left) and the non-nodulated mutant “En1282”
(right) cultivated in Nagakura field.

Figure 10. Relationship between amount of nitrogen accumulated in soybean shoot at R7 stage and seed yield of
soybean cv. “Enrei”. In Nagakura field with various fertilizer treatments.[21]

The protein concentration in soybean seeds is about 4 times higher than cereal seeds such as
rice grain (Figure 11) [12]. Due to a high concentration of seed protein, 1t of soybean seed
production requires about 70-90 kg of N, while 1t of rice grain requires only 20 kg of N. Soy‐
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bean plants assimilate about 20 % of total N until initial flowering stage (R1 stage), and 80%
of N during the reproductive stage. On the other hand, rice assimilates about 80% of N until
flowering. Therefore, the continuous assimilation of nitrogen after initial flowering stage is
essential for good growth and high seed yield in soybean cultivation.

Figure 11. Comparison of the nitrogen assimilation and distribution pattern of soybean and rice.

To obtain high seed yield of soybean, good nodulation and high and long lasting nitrogen
fixation activity are very important (Figure 12). Nodule formation and nodule growth are
influenced by various soil conditions (water content, pH, nutrition) and climatic conditions
(solar radiation, temperature, rain fall etc). Soybean can fix atmospheric N2 by their root
nodules associated with soil bacteria, bradyrhizobia. In addition, soybean can absorb inor‐
ganic nitrogen, such as nitrate and ammonia from soil or fertilizer. Usually a high yield of
soybean was obtained in a field with high soil fertility. By supplying a constant but low con‐
centration of nitrogen either from soil or organic manure, soybean growth will occur with‐
out depressing nodulation and nitrogen fixation activity. However, it is well known that a
high concentration of mineral N depresses nodule formation and nitrogen fixation activity.
Especially, nitrate, the most abundant inorganic nitrogen in upland fields, severely inhibits
nodulation and nitrogen fixation of soybean, when nodulated roots are in direct contact
with the soil solution containing nitrate [22-24].
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Figure 12. Comparison of the time course of nitrogen assimilation in soybean plants with a low yield (left) and a high
yield (right).

Figure 13. Chemical formula of ureides (allantoin and allantoic acid), nitrate and asparagine.

3.2. Nitrogen assimilation in nodules

Ammonia is known to be the initial product of biological nitrogen fixation by the enzyme
nitrogenase [25]. After discovering an enzyme glutamate synthase (GOGAT) in Aerobacter
aerogenes [26], it was confirmed that ammonia can be assimilated via glutamine synthetase
(GS) and glutamate synthase (GOGAT) pathway in soybean nodules by15N tracer experi‐
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ments [27,28]. The 15N assimilation was investigated in the cytosol (plant cytoplasm) and
bacteroid fractions of soybean nodules [29]. The result suggested that most of the fixed N is
immediately exported from the bacteroid to the plant cytosol and assimilated via GS/
GOGAT pathway into various amino acids via transamination from glutamate. Ureides, al‐
lantoin and allantoic acid are synthesized from amino acids and amides in the cytosol (Fig‐
ure 13,14). Kushizaki et al. discovered that nodulated soybean plants contain a large amount
of ureides in their stems, while non-nodulating isolines contain much less [30]. Reviews on
ureide biosynthesis in legume nodules were published [31,32].

Figure 14. A model of the flow of fixed N2 in infected cell and uninfected cell of soybean nodule.

3.3. Nitrogen absorption and assimilation in soybean roots

The outlines of absorption and metabolism of ammonium and nitrate in plant cells are
shown in Figure 15. Ammonium (NH4

+) and nitrate (NO3
-) are major sources of inorganic ni‐

trogen in soil. Ammonium is the most reduced form of nitrogen and nitrate is the most oxi‐
dized form. The NH4

+ ion is absorbed through the membrane bound protein, ammonium
transporter. The NO3

- ion is absorbed through the nitrate transporter with 2H+ co-transport.
There are two types of nitrate transporter, a high affinity nitrate transporter system (HATS)
and a low affinity nitrate transporter system (LATS) [33]. The kinetics of the absorption rate
versus nitrate concentration indicated the presence of only one HATS, having a Km value of
19 µ mole in soybean roots.
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Figure 15. A model of absorption and metabolism of ammonium and nitrate in plant cell.

The diurnal rhythm in NO3
- absorption by intact soybean plants was investigated by sam‐

pling the culture solution every 15 min [34]. The NO3
- absorption rate was different between

day (1.10 mgN L-1 h-1) and night period (0.77 mgN L-1 h-1), and the nitrate absorption rate at
night was about 60-75% of that in the daytime. The temporary interruption of NO3

- absorp‐
tion was observed twice a day at dawn and dusk. The changes in NO3

- absorption rate were
not controlled by the shoots, because the rhythm continued under the extended dark period
or by cutting the shoots [34]. When the roots were put in the water bath at a constant tem‐
perature of 30oC, the rhythm of NO3

- absorption disappeared. This suggests that the nitrate
absorption rate of soybean roots may be controlled by monitoring temperature changes by
the root.

Some parts of the NO3
- absorbed in the root cell is reduced to nitrite (NO2

-) by nitrate reduc‐
tase (NR) in the cytosol, and NO2

- is reduced to ammonia by nitrite reductase (NiR) in the
plastids. Then amino acids are formed followed by the assimilation via GS/GOGAT path‐
way. When a high concentration of NO3

- is supplied, a part of NO3
- is temporarily stored in

the vacuoles of cortex cells in roots. Some parts of NO3
- are transported cell to cell via the

symplast pathway and effluxed in the stele and transported via the xylem with the transpi‐
ration stream in the form of NO3

-. Plant NR requires NADH or NAD(P)H which means both
NADH and NADPH act as electron donors. In soybean, there are two types of NAD(P)H-
NR and one type of NADH-NR [15].

After adding 15NO3
- in the solution, the 15N concentration of asparagine increased markedly,

indicating that asparagine is a major assimilatory compound of NO3
- in soybean roots. Ni‐
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trogen assimilation and transport of plants supplied with 15NO3
- was investigated by analyz‐

ing xylem sap collected from decapitated soybean plants [35]. Some part of the NO3
-

absorbed in the roots was immediately exported to the shoots, whereas another parts of the
NO3

- was temporarily stored in the vacuoles of root cells and then gradually released to the
xylem. On the other hand, some other parts of the NO3

- was reduced and assimilated in the
roots and synthesized into asparagine.

Figure 16. Comparison of the fate of fixed N2 in nodules and absorbed nitrate in roots.

3.4. Comparison of the fate of fixed N2 and absorbed NO3
- in soybean plant

The labeling patterns of ureides and amino acids were compared from the data of 15N2 and
15NO3

- feedings [36]. The result proved that the ureides in stems are mainly derived from
fixed N2, and only a small amount of ureides is synthesized in the root. Figure 16 shows the
metabolic pathways and transport of N derived from N2 fixation and NO3

- absorption in
soybean plants.

3.5. Effect of combined nitrogen on nodule growth and nitrogen fixation activity

It is well known that a heavy supply of nitrogen fertilizer causes the inhibition of nodulation
and nitrogen fixation. The inhibitory effect of combined nitrogen depends on the forms, con‐
centration, application site, and soybean growth stage. The inhibitory effect of nitrate is
stronger than urea or ammonium. Direct and indirect effects of nitrate have been known. Di‐
rect or local effect of nitrate is the effect of nitrate in direct contact with the nodulated part of
roots. When nitrate was supplied to the hydroponically grown soybean roots, the nitrate in‐
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hibition on nodule growth and nitrogen fixation was shown to be rapid and reversible
[22-24]. On the other hand, indirect or systemic effect of nitrate, which means the effect of
nitrate absorbed from distant part of the roots, depended on the site, duration and concen‐
trations of nitrate supply [37,38]. The indirect effect of nitrate was investigated by a two-lay‐
ered pot system separating the upper roots and lower roots. A continuous high
concentration of nitrate (5mM) supply in the lower roots depressed the nodulation and ni‐
trogen fixation of the upper roots. However, a continuous supply of a low concentration of
nitrate (1 mM) resulted in the promotion of nodulation and nitrogen fixation activity in the
upper roots [38].

3.6. Nitrogen metabolism in soybean leaves

Plant leaves are the important organ for nitrogen metabolism, in addition to photosynthetic
activity. The N absorbed from roots or fixed in root nodules is transported via the xylem in
stems and petioles, and the N in leaves is translocated to the sink organs such as pods and
seeds via the phloem. The flow of N in leaves was investigated by petiole girdling and 15N2

or 15NO3
- treatment [39]. By petiole girdling treatment, the accumulation of amino acids (x

2.5) especially asparagine (x 8.8) in leaf blades was observed, indicating that these com‐
pounds are the transport forms from leaves to sink organ via the phloem. However, nitrate
and ureides are not accumulated in girdled leaves compared with intact leaves, suggesting
that nitrate and ureides are not transported from leaves to sinks via the phloem (Figure 17).
There are two different ureide degradation pathways in soybean leaves, either by allantoate
amidinohyfrolase or by allantoate amidohydrolase [40].

Figure 17. A model of N flow in a soybean leaf.
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A comparative study on the nitrogen metabolism and transport was done at the pod fill‐
ing stage by 15N2 or 15NO3

- treatment [41]. Based on the results obtained, we proposed a
model of N flow derived from N2 and NO3

- in soybean plants as shown in Figure 18 [42].
The N derived from N2 fixed by the root nodules is rapidly assimilated into ureides (allan‐
toin and allantoate), and some ureides are directly transported to pods and used for seed
development. Ureides are also used for leaf protein synthesis, but the contribution is rela‐
tively lower than N derived from NO3

- absorbed from the roots. On the other hand, some
part of NO3

- absorbed from the roots is immediately reduced in the roots, and transported
in the form of amino acids, especially asparagine. Another part of NO3

- is transported to
the leaf blades via transpiration, and assimilated into leaf protein. The remobilization of
storage protein in leaves and roots may be a major source for seed N source in the case of
NO3

- nutrition.

Figure 18. A model of N flow in soybean plant originated from N2 (left) and NO3
- (Right). AA: amino acids, P: protein

3.6. Assimilation of nitrogen in pods and seeds

Figure 19 shows the outline of the N flow in soybean pod and seed (cotyledon). Ureides
are transported from the root nodules via the xylem and are accumulated in the pod. Al‐
lantoin and allantoic acids are metabolized into amino acids in the pod or seed coat and
excreted to the inside of seed coat. Asparagine from roots via the xylem or from leaves via
phloem is also metabolized to amino acids and then transported into the apoplast space
between the  seed coat  and cotyledon.  The cotyledon cells  absorb amino acids  from the
apoplast  and they synthesize storage proteins and accumulate them into protein bodies.
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Rainbird et al. reported that glutamine is the principal N supply to the cotyledon, contri‐
buting 55% of  the embryo nitrogen requirement,  and 20% comes from asparagine,  with
negligible amounts from ureides, allantoin and allantoic acid. Haga and Sodek also report‐
ed that glutamine was the most efficient source in terms of protein accumulation in the
cultured soybean cotyledons, while asparagine was less efficient and allantoin was a poor
source of nitrogen. Ohtake et al. reported that the rapid N transport to pods and seeds in
N-deficient soybean plants were faster compared with N-sufficient plants.

Figure 19. The model of nitrogen assimilation in soybean pod and seed.

The storage protein of soybean seeds mainly consists of glycinin and β-conglycinin. β-con‐
glycinin is comprised of three subunits, designated as α’, α, and β−subunits [46]. We hap‐
pened to discover the lack of β-subunit of β-conglycinin in several non-nodulated soybean
lines, although an electrophoretic protein band due to this protein was clearly detected in
the corresponding nodulated isolines [47]. The suppression of the β−subunit in the non-nod‐
ulating isoline T201 is regulated at the level of mRNA accumulation. The α’−and α−subunits
mRNAs were actively expressed in both line. Nitrogen regulation for storage protein in soy‐
bean seeds was evaluated using T201 and T202 with solution culture in the greenhouse [48].
The results indicated that non-nodulated T201 has a normal, non-defective, β−subunit genes,
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4. Inoculation of efficient strains of bradyrhizobia to improve soybean
seed yield

4.1. Inoculation of bradyrhizobia and indigenous strains in fields

Soybean plants form root nodules by symbiosis with soil bacteria Bradyrhizobium (B. japoni‐
cum, B. elkani and B. lianingense), Sinorhizobium  (S. fredii, S. xinjiangense) and Mesorhizobi‐
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um (M. tianshanense) [49]. Only B. japonicum, B. elkani, and S. fredii are used as commercial
inoculants for soybean with B. japonicum being the most widely employed [49]. Genus Bra‐
dyrhizobium  belongs to α-Proteobacteria, family Bradyrhizobiaceae. Bradyrhizobium  species
are rod shaped Gram negative bacteria with a single subpolar or polar flagellum. They can
be isolated from nodules and grown on a Yeast  Extract  Mannitol  agar plate (Figure 20)
[50]. Rhizobia and bradyrhizobia can exist either as a free living organism in soil or a sym‐
biotic state in the infected cells of root nodules. When bradyrhizobia inhabit a soil, they do
not fix N2 and they depend on organic nitrogen. After they infect soybean roots and form
root nodules, they become “bacteroids” in a symbiotic state and fix N2.

Figure 20. A culture of Bradyrhizobium japonicum USDA110 (right) and the gus mutant line 61A124a (left) on a Yeast
Extract Mannitol agar plate which contain GUS substrate X-Gluc.

When soybean plants are cultivated in a new field where soybeans are cultivated for the first
time, the inoculation of compatible strains of bradyrhizobia may significantly promote plant
growth and seed yield. However, after cultivation of soybean, rhizobia will predominate
throughout the soil. Therefore, soybean plants are usually nodulated with indigenous rhizo‐
bia in most fields of Japan without inoculation. Tewari et al. reported that the inoculation of
the efficient strain of bradyrhizobia USDA110 in a paper pot filled with vermiculite was
very effective in the first year of a soybean crop after 30 cm layer of mountain soil was
dressed, where population of bradyrhizobia was very low [51]. Figure 21 shows the plant
with uninoculated paper pot (left) and that with inoculated paper pot (right) cultivated in
the mountain soil. The average seed weight per plant was 8.7 g in uninoculated plants and
22.3 g in inoculated plants, respectively. In a rotated paddy field in Nagakura where indige‐
nous rhizobia had been established, Tewari et al. inoculated USDA110 in a paper pot, and
the plant growth and seed yield was about 10-20% higher than the uninoculated paper pot
(Figure 22). Good nodulation occurred in the roots of the plant in the uninoculated paper
pot, because indigenous bradyrhizobia already inhabited the field.
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Figure 21. The effect of inoculation of Bradyrhizobium japonicum USDA110 on soybean growth cultivated in montain
soil where the population of indigenous bradyrhizobia was very low. Left plant was cultivated with a paper pot with‐
out inoculation. Right plant was cultivated with a paper pot with inoculation of bradyrhizobia [51].

Figure 22. The effect of inoculation method for seed yield of soybean plants in a rotated paddy field in Nagakura. NIPP;
Non-inocultated paper pot.DT; Direct inoculation of bradyrhizobia to soybean seed. IPP; Inoculated paper pot [52].

Because the soybean plant can form nodules in most of the fields including a rotated paddy
rice field in Japan, farmers generally do not inoculate bradyrhizobia, except in the Tokachi
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area in Hokkaido. The Tokachi Federation of Agricultural Cooperatives in Hokkaido pro‐
vides biofertilizer inoculants for soybean seeds [50]. Although many types of bradyrhizobia
exist in a field [53,54], not all are efficient strains. Minamisawa et al. reported that 44 isolates
of Bradyrhizobium japonicum from Nakazawa field in Niigata were divided into 33 genetically
different groups by genetic analysis using a repeated sequence specific hybridization meth‐
od. The similar diversity of indigenous bradyrhizobia was also shown in 6 sites in Japan, in‐
cluding the Nakazawa and Nagakura fields in Niigata [54]. The Nakazawa and Nagakura
fields are very near to one another, but bradyrhizobia types differ between the fields. In Na‐
gakura, B. japonicum hup+ (uptake hydrogenase positive) and hup- (uptake hydrogenase
negative) groups made up about 80% and 20% of bradyrhizobium, respectively. On the oth‐
er hand, in the Nakazawa field, B. japonicum hup+, hup- and B. elkanii made up about 50%,
20% and 30%, respectively, of the local bradyrhizobium. Significant diversities and site-de‐
pendent variations were observed, and the fingerprints at Ishigaki island with no history of
soybean cultivation were less diverse than the other sites. They suggested that soybean bra‐
dyrhizobia might be diversified in individual fields by association with host plants and local
soil conditions [54].

4.2. Use of marker strain as an inoculant

The ecological study of inoculated strains in soil is important to establish the efficient way of
inoculation. Minagawa et al. used gus (β-glucuronidase gene)-marked Bradyrhizobium strain
to estimate the number of inoculated strains in the soil. The gus gene from Eschrichia coli was
introduced into Bradyrhizobium japonicum. This strain absorbs and hydrolyzes GUS(β-glucur‐
onidase)-substrate (X-Gluc; 5-bromo-4-chloro-3-indolyl-β-glucuronide) and precipitates an
indigo pigment in the cell (Figure 20). The accumulated indigo blue metabolite in gus-
marked strain can be determined for the population of liquid cultured rhizobia using optical
density at 645 nm. However, when the gus-marked strain was inoculated in soil, the stained
bradyrhizobia were difficult to separate from the soil. Therefore, we extracted the blue pig‐
ment by phenol-water after they are incubated with X-Gluc for 4 days. The absorbance of
the extracted blue pigment in the phenol-layer was measured optically at 645 nm. The initial
number of bradyrhizobia in culture media or soil and the absorbance of the phenol extract of
GUS metabolite was positively correlated. In addition, the occupancy by gus-strain in each
nodule can be determined by staining the nodule slice with substrate X-Gluc (Figure 23).
The nodule occupancy by gus-marked strain was 50% when the same population of gus-
marked strain and USDA110 were inoculated at the same time [55].

The gus-marked strains were inoculated in five different types of soil (Nagakura and Sonoki;
two types of Alluvial soil from rotated paddy fields), volcanic ash soil of upland field (Na‐
kazawa), sandy dune soil (Ikarashi), and calcinic vermiculite. Soybean cultivation was fre‐
quent in Nagakura and Nakazawa fields, but soybean plants have not been grown for a long
time in Sonoki and Ikarashi fields. The number of indigenous bradyrhizobia was estimated
by MPN method, and the populations were as follows; Nagakura (6 x 105 cells g-1 soil), Na‐
kazawa (3 x 105), Sonoki (2 x 104), Ikarashi (8), and Vermiculite (0), respectively. The popula‐
tion of gus-marked strains increased over 10 times in all types of soils for 1 week after
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inoculation of 9 x106 cells g-1 soil (Figure 24). The population was higher in Nakazawa and
Nagakura than that in Sonoki, Ikarashi, and vermiculite at 1 week after inoculation. From
this result it was indicated that the population of indigenous bradyrhizobia may not restrict
the growth of inoculated strains.

Figure 23. Detection of gus-marked strain in the nodule by X-Gluc treatment.

The population of inoculated strains was determined in rhizosphere soil, non-rhizosphere
soil and roots (Figure 25) [51]. The population increased about 10 times in a week both in
rhizosphere and non-rhizosphere soils at one week after inoculation.

Figure 24. Changes in population of inoculated gus-marked strain in various types of soils in Niigata.
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The proliferation and mobility of inoculated gus-marked strains were examined in a rhizo‐
box containing various soil types (Figure 26), where a soybean plant was cultivated in the
center of the box. Inoculation and watering were supplied from one side of the box. The pro‐
liferation rates of the gus-marked strain in a whole box at 25 days after planting were differ‐
ent in various types of soils; Nagakura (x 1,218), Nakazawa (x 538), Sonoki (x 513), Ikarashi,
(x173) and vermiculite (x 98). In all the soil types, bradyrhizobia were distributed in many
compartments of the rhizobox (Figure 27). It was observed that most of bradyrhizobia at‐
tached to the soil particle, however, some of them moved by water flow through soil aper‐
tures or along with the root elongation.

Figure 25. Changes in population of inoculated gus-marked strains in non-rhizosphere soil, rhizosphere soil and roots.

Figure 26. Rhizobox experiment system.
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A soybean plant was grown in the center of the box, and inoculation of the gus-marked
strain and the watering was carried out from one side of the box (arrow).

For soils lacking indigenous bradyrhizobia (vermiculite) or having a very low density of in‐
digenous Bradyrhizobia (Sonoki and Ikarashi), the nodules were formed almost exclusively
by the inoculated gus-marked strain Sonoki (100%; occupancy rate by gus-strain), Ikarashi
(98%) and vermiculite (100%). However, the major nodules were formed by indigenous
strains in the soil types, which contain a high population of indigenous Bradhrhizobia, in Na‐
gakura (25% occupancy rate by gus-marked strain), Nakazawa (35%gus-marked strain), al‐
though the inoculated strain proliferated very well. The results suggested that nodule
occupancy may be simply related to the population rate of inoculated strains vs. indigenous
strains rather than the competition between inoculated and indigenous strains.

Figure 27. Population of gus-marked strains in 9 compartments of each rhizobox (color of each compartment), and
the percentage of nodule occupancy by gus-marked strains (number in the center of each compartment) [55]. Arrow
indicates the site of inoculation and watering.

4.3. Survival of inoculated gus-marked strain

The survival of the inoculated strain is very important to improve indigenous strains in a
field. We investigated the survival of gus-strains in the first soybean cultivation just after in‐
oculation of the gus-strain, and in the second year in the pot filled with five soil types. The
nodule occupancy rate (%) by the gus-marked strain in the first and second year are shown
in Figure 28. In the Ikarashi and vermiculite soils with low densities of indigenous bradyrhi‐
zobia, the nodule occupancy rates by the gus-marked strains were high (about 80-100%)
both in the first and second year. However, in Nagakura, Nakazawa and Sonoki soils, the
nodule occupancy rates were lower in the second year than the first year. This result sug‐

Soybean Seed Production and Nitrogen Nutrition
http://dx.doi.org/10.5772/45867

137



gests that the survival ability of the inoculated single strain may be inferior to the indige‐
nous strains. The genetic diversity of the indigenous strain may be related to the
competition between inoculated and indigenous strains.

Figure 28. Percentage of nodules occupied by gus-marked strain (GUS+) and indigenous strain (GUS-) in various soils
in Niigata in the first and second cropping years after inoculation.

5. Field estimation of nitrogen fixation activity and nitrogen absorption
rate of soybean by relative ureide method

5.1. Concept of relative ureide method

Many tropical grain legumes, such as soybean, common bean, cowpea, pigeon pea, and
mung bean that have the spherical determinate type of nodule, transport the bulk of fixed N
as ureides (allantoin and allantoic acid). On the other hand, nitrate and amino acids (espe‐
cially amide, asparagine) are the major transport forms of N derived from the soil and fertil‐
izer N absorbed by soybean roots [36, 56]. Herridge et al. [57,58] developed the “Relative
ureide method” for evaluation of % Ndfa by analyzing the concentration of nitrogen com‐
pounds in xylem sap obtained from the bleeding sap from a cut stump, or vacuum collection
from stems. The concentrations of ureide-N, nitrate-N and α-amino-N can be determined by
colorimetry.

Figure 29 shows a concept of relative ureide mathod for estimation of nitrogen fixation ac‐
tivity and Figure 30 shows the equation of %Ndfa by this method. The xylem sap obtained
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from soybean plants, which depend solely on nitrogen fixation contains about 80-90% of N
in the form ureides (allanotate and allantoin), in addition to some amino acids such as aspar‐
agine. On the other hand, in the xylem sap from soybean plants depending only on nitrate,
nitrate and amino acids (asparagine) are the major N compounds accounting for 80-90%,
and they contain about 10-20% as ureides. When the xylem sap in N2 grown soybean con‐
tains about 10-20% of N as amino acids, and nitrate grown soybean contains the same per‐
centage of N as ureides, the relative dependence on N2 fixation is estimated by the relative
ureide content as shown in Figure 29.

Figure 29. Concept of the relative ureide method using the concentration of xylem solute ureide-N, nitrate-N and
amino-N in soybean. NO3

- grown; Plants depend on sole NO3
- absorption. N2 grown; Soybean plants depend on sole

N2 fixation, N2 + NO3
-; Soybean plants depend on both N2 fixation and NO3

- absorption. [16,50]

This method is reliable in soybean field experiments, without any requirement of reference
plants. It is the easiest way to measure the percentage of fixed N in any fields, because no
preparation is necessary before sampling. This method is also applicable for experiments
with variable N fertilizer application. In field conditions, the simple equation can be adapted
for the estimation of % Ndfa (nitrogen derived from atmospheric dinitrogen) by the equa‐
tion in Figure 30. The original equation proposed by Herridge used “α-Amino-N” instead of
“2 X α-Amino-N” in our equation. Based on the analysis of the animo acid compositions in
root bleeding xylem sap, asparagine (2N amide) was the major amino acid throughout the
stages and the average N number in amino acids was 1.7, so we use “2 X α-amino-N” for
this equation.

Figure 30. Equation for calculating percentage of nitrogen derived from atmospheric N2 (%Ndfa).
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Figure 31. Changes in the concenration of ureide-N in nodulated T202 (closed circle) and non-nodulated T201 (open
circle) [16].

Figure 32. Outline of estimation of daily N2 fixation activity and N absorption rate based on the data obtained by rela‐
tive ureide-N and total N analysis of the shoot [16,50].
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Figure 31 shows the changes in the concentration of ureide-N in xylem sap of nodulated
(T202) and non-nodulated (T201) soybean plants [16]. The concentration of ureide-N in T202
was significantly higher than that in T201. In the field estimation, the relative ureide N per‐
cent is used as an indicator of relative dependence for nitrogen fixation at the sampling time.

5.2. Quantitative estimation of daily N2 fixation and N absorption rate

By periodic sampling of soybean shoots and xylem sap, a quantitative estimation of the sea‐
sonal changes in N2 fixation activity and N absorption rate is possible as shown in Figure 32
[16]. We usually sample soybean plants four or three times at R1, R3, R5 and R7 stages or
three times at R1, R5, and R7 stages for xylem sap and plant N analyses. The examples of the
evaluation of Ndfa by relative ureide method are shown in Figure 33 [4].

Figure 33. Example of the estimation of daily N2 fixation activity and N absorption rate based on the data obtained by
relative ureide-N and total N analysis of the shoot. Three fertilizer treatments were used: control; without additional
fertilizer, Deep placement; deep placement of 100 day type coated urea, Top dressing; top dressing of 70 day type
coated urea [4].
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D1, D2, D3, D4 indicate the sampling date (Days after planting) of xylem sap and shoots. We
usually sample at R1, R3, R5 and R7 stage for D1, D2, D3, D4. D0 means the planting date. RU
%n indicates the relative ureide N percent in xylem sap at sampling time at Dn. RU%n – n+1

means average of RU% at Dn and Dn+1. We use RU%1-0 as RU%1, because we cannot measure
the RU% at planting.

6. Possiblity of the agronomical use of hypernodulation mutant lines of
soybean for promoting yield

Soybean plants can control the nodule number by auto-regulation of nodulation. Superno‐
dulation or hypernodulation mutant lines of soybean have been isolated from wild type soy‐
bean, and it was expected that these mutants would produce higher seed yield. However,
most of these mutants showed reduced vegetative growth and seed yield, possibly due to a
heavy burden of excess nodules. Hypernodulation or supernodulation mutant lines of soy‐
beans have been selected from several different cultivars [59-61]. A genetic defect in the au‐
toregulatory control of nodulation causes more profuse nodulation than the wild type
(Figure 34). The nodulation trait depends on the shoot genotype and not on the root geno‐
type. In the wild type parents, some shoot-derived signal (autoregulation signal) arrests
nodule primordia and suppresses nodule development in response to some signals (infec‐
tion signal) derived from nodulated roots after infection. Sato et al. reported that a rooted
single leaf of soybean retains the autoregulation trait.

Recently, the genes were identified for the hypernodulation lines of lotus (HAR1) and soybean
(GmNARK), which play important roles in the autoregulation of nodulation, and they were
shown to encode a receptor-like kinase protein that contains a leucine-rich repeat [64-66]. These
legume genes are homologous to Arabidopsis CLAVATA1 (CLV1), which is involved in the con‐
trol of cell proliferation in the shoot apical meristem [67]. The results by Ito et al. suggest that the
protein coded by GmNARK may play some roles on leaf growth as well.

In spite of profuse nodulation in the hyprnodulation mutant lines, the root and shoot
growth is inferior in most of these lines compared with the wild type with or without nitrate
supply. All the hypernodulation mutant lines are partially tolerant to NO3

-. The supernodu‐
lation line first reported was nominated “nts”, which means “nitrate-tolerant symbiosis”
mutant [60]. The labeling experiments using 14CO2 or 13CO2 indicated that the hypernodulat‐
ing mutant NOD1-3 supplied a larger amount of photoassimilate to the nodules than to the
roots under nitrogen free conditions, and that the photoassimilate transport to the nodules
was less sensitive to nitrate than that of the parent line [69].

Assimilation of 15N2 and 15NO3
- was compared among hypernodulation mutant lines,

NOD1-3, NOD2-4, and NOD3-7 and the parent Williams [70]. The 5 mM NO3
- treatment re‐

sulted in a 95 to 97% decrease in nodule mass and 15N2 fixation by Williams, while the three
mutant lines retained 30 to 40% of the nodule mass and 17 to 19% of the 15N2 fixation of con‐
trol Williams. The hypernodulation mutant lines, which had restricted root growth, absor‐
bed less 15NO3

- than Williams. These results confirmed that nodule formation and
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beans have been selected from several different cultivars [59-61]. A genetic defect in the au‐
toregulatory control of nodulation causes more profuse nodulation than the wild type
(Figure 34). The nodulation trait depends on the shoot genotype and not on the root geno‐
type. In the wild type parents, some shoot-derived signal (autoregulation signal) arrests
nodule primordia and suppresses nodule development in response to some signals (infec‐
tion signal) derived from nodulated roots after infection. Sato et al. reported that a rooted
single leaf of soybean retains the autoregulation trait.

Recently, the genes were identified for the hypernodulation lines of lotus (HAR1) and soybean
(GmNARK), which play important roles in the autoregulation of nodulation, and they were
shown to encode a receptor-like kinase protein that contains a leucine-rich repeat [64-66]. These
legume genes are homologous to Arabidopsis CLAVATA1 (CLV1), which is involved in the con‐
trol of cell proliferation in the shoot apical meristem [67]. The results by Ito et al. suggest that the
protein coded by GmNARK may play some roles on leaf growth as well.

In spite of profuse nodulation in the hyprnodulation mutant lines, the root and shoot
growth is inferior in most of these lines compared with the wild type with or without nitrate
supply. All the hypernodulation mutant lines are partially tolerant to NO3

-. The supernodu‐
lation line first reported was nominated “nts”, which means “nitrate-tolerant symbiosis”
mutant [60]. The labeling experiments using 14CO2 or 13CO2 indicated that the hypernodulat‐
ing mutant NOD1-3 supplied a larger amount of photoassimilate to the nodules than to the
roots under nitrogen free conditions, and that the photoassimilate transport to the nodules
was less sensitive to nitrate than that of the parent line [69].

Assimilation of 15N2 and 15NO3
- was compared among hypernodulation mutant lines,

NOD1-3, NOD2-4, and NOD3-7 and the parent Williams [70]. The 5 mM NO3
- treatment re‐

sulted in a 95 to 97% decrease in nodule mass and 15N2 fixation by Williams, while the three
mutant lines retained 30 to 40% of the nodule mass and 17 to 19% of the 15N2 fixation of con‐
trol Williams. The hypernodulation mutant lines, which had restricted root growth, absor‐
bed less 15NO3

- than Williams. These results confirmed that nodule formation and
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development are less sensitive to external NO3
- in mutant lines than in the Williams parent.

The partial tolerance of nodulation for nitrate in mutant lines may be partly due to less NO3
-

absorption activity and smaller roots.

Figure 34. Nodulated roots of Williams (left) and the hypernodulation mutant NOD1-3 (right).

Figure 35. Changes in daily N2 fixation activity and N absorption rate by Williams and the hypernodulation line
NOD1-3 cultivated in a sandy dune field in Ikarashi [6].

The hypernodulation mutant lines of soybean may have some advantages for promoting
seed yield, due to higher N2 fixation activity or the nitrate tolerant trait to nodulation. Wu
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and Harper evaluated the N2 fixation potential and yield of hypernodulating soybean
NOD1-3, NOD2-4 and NOD3-7 compared with the parent Williams. In the absence of N fer‐
tilizer, all hypernodulation mutants had greater N2 fixation potential than did Williams in
early growth stages. However, the seed yields from the hypernodulation mutants were 10 to
30% less than that for Williams. Suganuma et al. also compared the growth and N2 fixation
activity of NOD1-3 and Williams in a sandy dune field. Figure 35 shows the daily rate of N2

fixation and N absorption by Williams and the hypernodulation mutant NOD1-3. The %
Ndfa was higher in NOD1-3 (65 %) than Williams (58 %), however, the rates of N2 fixation
and N absorption were lower in NOD1-3 than in Williams. The hypernodulation mutant
lines have not been used for cultivar improvement, but recently “Sakukei no. 4” bred from
En6500 (hypernodulating line from “Enrei”) and “Tamahomare” in Japan may be useful in
agricultural production by increasing the planting density.

7. A new fertilization technique to promote nitrogen fixation and seed
yield

7.1. Nitrogen fertilization in soybean cultivation

Nitrogen fertilization usually depresses nodulation and nitrogen fixation activity. It often re‐
sults in the same or less yield than the control treatment without fertilizer. Top dressing of
N fertilizer sometimes gives positive effects on seed yield, but results are not consistent. Ta‐
kahashi et al. reported the effect of basal side-dressings of various types of controlled release
nitrogen fertilizer (coated urea) on shoot growth and seed yield of soybean [73]. The yield
was significantly higher in all the coated urea basal side-dressing treatments compared with
control, particularly in CUS120 which releases urea from 60 to 120 days after planting with a
sigmoid pattern of N release.

We have developed a new fertilization technique for soybean cultivation to supplement N
during seed filling stage, without the concomitant depression of N2 fixation, by deep place‐
ment (20 cm depth from soil surface) of slow release N fertilizer coated urea and lime nitro‐
gen. We analyzed the beneficial effects from both plant nutrition and soil analysis aspects.

7.2. Deep placement of controlled release nitrogen fertilizer coated urea

Takahashi et al. [4,16, 74-77] developed a new fertilization technique for soybean to supple‐
ment nitrogen during the seed filling stage without concomitant depression of symbiotic N2

fixation by deep placement of coated urea, a slow release N fertilizer. They applied 100 kg N
ha-1 coated urea by deep placement (20 cm depth from soil surface) using a fertilizer injector
devised by Shioya [78]. They used CU-100, a 100-day type coated urea, the commercial
name “LP-100” produced by Chisso-Asahi Fertilizer Co. Ltd, Tokyo (JCAM AGRI Co. Ltd.,
Tokyo at present). CU-100 linearly releases urea and 80 % of which is released in 100 days in
water at 25oC.
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Tokyo at present). CU-100 linearly releases urea and 80 % of which is released in 100 days in
water at 25oC.
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A polymer coated controlled release nitrogen fertilizer (commercial name LP in Japan or MEIS‐
TER outside Japan) has been invented by Fujita and coworkers [79]. Linear types of coated urea
were first marketed in 1982. This type of fertilizer has a spherical shape of about 3mm diameter
with 50-60 µm coat thickness which consists of polyolefin (polyethylene), ethylene vinyl ace‐
tate and talc mineral. Different from chemically synthesized slow release N fertilizers such as
IBDU (Isobutylidene diurea) and CDU (Crotonylidene diurea), the N release rate from the coat‐
ed urea is temperature dependent and not affected by other chemical, physical and biological
conditions. Therefore, the release pattern of urea can be predicted as a function of temperature
and time period after application. Since the release of N from the fertilizer meets the plant N de‐
mand, and the fertilizer efficiency (recovery rate of N in plants from fertilizer N) is high, the use
of coated urea can reduce environmental problems by decreasing nitrate accumulation and
leaching in the soil. Also the use of coated urea saves the labor of farmers by eliminating top
dressing or split dressing of fertilizer to supply N during late growth stages.

Fertilizer experiments were carried out from 1989 to 1991 in the fields, which had been convert‐
ed from a paddy rice field the previous year in Nagakura. [21]. As shown in Figure 36 the seed
yield was significantly higher in the plants with the deep placement of CU-100 than the control
in each year. The seed yield was from 10 (1991) to 23 % (1990) higher in deep placement than the
control treatments. The promotion of leaf growth and retardation of leaf senescence were ob‐
served at the maturing stage by deep placement of CU. In 1990, the seed yield was very high,
about 6 t ha-1 in deep placement, due to favorable climatic conditions. The absorption efficiency
of fertilizer N determined by 15N labeled fertilizers was calculated from recovery of 15N in the
shoots at the R7 stage. In 1990, the absorption efficiency at R7 from the deep placement of
CU-100 was 62 %, which was much higher than the top dressing of CU-70 (33 %) and basal ap‐
plication of ammonium sulfate (9 %). It was observed that the CU-100 deep placement in‐
creased root growth and water and nutrient absorption activity revealed by the uptake of
rubidium tracer in the field [75]. Owing to the promotion of subsoil root growth and N absorp‐
tion activity with supplementing N fertilizer without depression of N2 fixation, plant growth
was promoted from the early vegetative stage until late maturing. Leaf area index (LAI) and
chlorophyll content were always higher in CU-100 deep placement compared with the control,
and the leaf senescence was retarded at R7 stage [21].

Takahashi et al. analyzed the concentration of urea, ammonium and nitrate in the upper 0-10cm
and lower 15-25cm layers of the soil in control and deep placement of CU-100 treatments. In the
upper layer, the concentration of urea and nitrate was very low (less than 10 mg N kg–1 soil) both
in control and deep placement of CU-100 treatments. However, the accumulation of ammoni‐
um (up to 150 mg N kg-1) and nitrate (up to 50 mg N kg-1) was observed in the lower layer of deep
placement of CU100 in August. Although the urea released from the coated urea was rapidly
hydrolyzed to ammonia, NH4

+-N could not be easily nitrified in the deep soil layers of the con‐
verted rice field owing to the low activity of nitrification and restricted O2 supply. As a result,
the nodulation and N2 fixation near the surface layer were not depressed, and instead were pro‐
moted through the improvement of plant growth and photosynthetic activity. The mechanism
of promotion of deep placement of coated urea for soybean growth and seed yield is summar‐
ized in Figure 37.
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Figure 36. Comparison of the seed yield of control and deep placement of coated urea in rotated paddy fields in Na‐
gakura in 1989, 1990 and 1991. [4]

Figure 37. A model of the promotive effect of deep placement of coated urea on nitrogen fixation and seed yield of
soybean.
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Figure 36. Comparison of the seed yield of control and deep placement of coated urea in rotated paddy fields in Na‐
gakura in 1989, 1990 and 1991. [4]

Figure 37. A model of the promotive effect of deep placement of coated urea on nitrogen fixation and seed yield of
soybean.
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a. Deep placement of coated urea slowly releases urea inside. The urea is rapidly hydro‐
lyzed to ammonium and the ammonium does not leach out from the fertilization sites
at 20cm depth.

b. The abundant supply of N in the deep layer promotes the root growth, and water and
nutrients absorption activity and fertilizer N is efficiently absorbed from the lower
roots.

c. The abundant supply of N from the lower part of roots promotes leaf growth and ex‐
tends the photosynthetic activity until maturity. The leaf area and chlorophyll content
were higher in the leaves of deep placement than those in control ones.

d. An abundant supply of photoassimilate to nodules supports the nodule growth and N2

fixation activity for an extended period during the seed filling stage.

e. The continuous supply of N from nodules and roots with increased photo assimilate
supply promotes seed yield with good quality.

Figure 38. Soybean plants at R7 cultivated in a newly reclaimed field with a 30 cm depth of mountain soil. Plants were
planted with inoculated or non-inoculated paper pot. –N: without N deep placement, Urea: deep placement of urea
at 20cm depth. Lime N: deep placement of lime nitrogen. [51]

7.3. Deep placement of lime nitrogen

Recently, Tewari et al. [51,52,80,81] investigated the effects of deep placement of lime nitro‐
gen (calcium cyanamide, CaCN2) in comparison with coated urea. The fertilizer experiments
were combined with a new inoculation method of bradyrhizobia using a paper pot trans‐
plantation. All the experiments were carried out in 2001 at three different sites in Niigata
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Prefecture. The tests were initiated in a field reclaimed with the application of mountain soil
about 30 cm depth without indigenous bradyrhizobia (Figure 38) [51], a rotated paddy field
in Nagakura in Niigata Agricultural Research Institute (Figure 39) [52], and a sandy dune
field of Niigata University in Ikarashi [80].

Figure 39. Soybean plants cultivated in a rotated paddy field in Nagakura. Plants were planted with inoculated paper
pots. Control: without N deep placement, Urea: deep placement of urea at 20cm. Coated Urea: deep placement of
coated urea. Lime Nitrogen: deep placement of lime nitrogen. [52]

Lime nitrogen is composed of about 60% calcium cyanamide (CaCN2) with calcium oxide
and carbon, and the N content is about 20-23%. After application to the soil, the calcium cy‐
anamide is converted to urea, which is again degraded into NH3 and CO2. Dicyandiamide
contained in lime nitrogen or formed during the degradation of calcium cyanamide is a po‐
tent nitrification inhibitor, which retards the oxidation of NH4

+ to NO3
-. Therefore the ammo‐

nium produced by CaCN2 decomposition persists for a longer period of time and the nitrate
concentration remains low in the soil. It is expected that the inhibition of nodulation and of
the N2 fixation activity may be alleviated by low a level of nitrate accumulation. Also this
fertilizer exerts some hormonal effects on plants and is used for controlling soil diseases
caused by bacteria and fungi.

In each of these fertilizer treatments, IPP (Inoculated paper pot), DT (Direct transplantation
of inoculated seedlings without paper pot) and NIPP (Non-inoculated paper pot) seedlings
were transplanted in separate plots. Paper pots (height 13.5 cm, diameter 3 cm) were made
of a biodegradable paper designed to break down in the field. The pots were open at the
bottom to allow root expansion below the pot. A paper pot was filled with vermiculite and a
seed was planted in each pot, and followed by inoculation of one ml suspension of Bradyrhi‐
zobium japonicum USDA110 of about 108 cells ml-1. Since the bradyrhizobium population in‐
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concentration remains low in the soil. It is expected that the inhibition of nodulation and of
the N2 fixation activity may be alleviated by low a level of nitrate accumulation. Also this
fertilizer exerts some hormonal effects on plants and is used for controlling soil diseases
caused by bacteria and fungi.

In each of these fertilizer treatments, IPP (Inoculated paper pot), DT (Direct transplantation
of inoculated seedlings without paper pot) and NIPP (Non-inoculated paper pot) seedlings
were transplanted in separate plots. Paper pots (height 13.5 cm, diameter 3 cm) were made
of a biodegradable paper designed to break down in the field. The pots were open at the
bottom to allow root expansion below the pot. A paper pot was filled with vermiculite and a
seed was planted in each pot, and followed by inoculation of one ml suspension of Bradyrhi‐
zobium japonicum USDA110 of about 108 cells ml-1. Since the bradyrhizobium population in‐
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creases about 100 times in vermiculite for a few weeks [55], efficient infection of inoculated
bradyrhizobia can also be expected by paper pot inoculation with vermiculite.

In regard to the inoculation method, IPP (inoculated paper pot) tended to show the highest
seed yield than DT and NIPP treatments. Especially in the newly reclaimed field having
mountain soil with no indigenous rhizobia at the 30 cm depth, the inoculation by IPP or DT
promoted seed yield to a level more than twice as much as the control treatment. Among the
inoculation methods, the IPP and DT seedlings showed a higher seed yield than the NIPP
seedlings.

Significantly higher seed yields in the rotated paddy field were obtained with the deep
placement of CaCN2 IPP (6.12 t ha-2) and CU-100 IPP (6.04 t ha-2), compared with the Urea
IPP (4.67 t ha-2) and Control IPP (3.31 t ha-2) treatments (Figure 39) [51]. A similar effect was
observed in a reclaimed field and sandy dune field, where deep placement of lime nitrogen
gave the same or better seed yields compared with coated urea. Recently, Sakashita et al. re‐
ported the promotive effect of deep placement of lime nitrogen in 8 sites of farmers’ field in
2008, 2009 and 2010. Seed yields increased about 30% on average by deep placement of lime
nitrogen.

The mechanism of yield promotion by deep placement of lime nitrogen for soybean growth
and seed yield is summarized in Figure 40.

Figure 40. A model for the promotive yield effect of deep placement of lime nitrogen on nitrogen fixation and seed
yield of soybean.

a. Deep placement of lime nitrogen is hydrolyzed to urea, then to ammonium and carbon
dioxide. The ammonium does not easily leach out from the fertilization sites at 20 cm
depth. Dicyandiamide contained in lime nitrogen or formed in the soil from cyanamide
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depresses nitrification to prevent ammonium oxidation to nitrate. As a result, nitrate
leaching and denitrification is reduced and the ammonium can be sustained in the sub‐
soil for a long time.

b. The abundant supply of N in the lower layer promotes the lower root growth, and wa‐
ter and nutrient absorption activity and fertilized N is efficiently absorbed from the
lower roots.

c. The abundant supply of N from lower parts of roots promotes leaf growth and extends
the photosynthetic activity until maturity.

d. An abundant supply of photoassimilate to nodules supports nodule growth and N2 fix‐
ation activity for an extended period until maturity is reached.

e. The continuous supply of N from nodules and roots with increased photoassimilate
supply promotes seed yield without decreasing the quality.

8. Conclusion

Potential soybean seed yield may over 10 ton ha-1 based on recent world record soybean
production in the USA. However, the average soybean seed yield is only 2.56t. Soybean seed
yield is proportional to the total assimilation of nitrogen. Soybean seeds contain an extraor‐
dinary high concentration of protein (about 35%), therefore, one t of seeds requires about
70-90 kg of N. To get a high seed yield, soybean plants need to assimilate a sufficient
amount of nitrogen not only during vegetative stages but also during reproductive stages.
At first, a high and long lasting activity of nodules during the pod filling stage is the most
important factor to get high seed yield. To obtain optimum nodulation and nitrogen fixation
activity, physical, chemical and biological conditions in the soil are very important in addi‐
tion to appropriate cultivation method (fertilization, planting date, planting density, weed
and pest management etc.). Inoculation of effective bradyrhizobium strains may improve
soybean growth and seed yield. Although it is well known that a heavy supply of nitrogen
fertilizer severely depresses nodulation and nitrogen fixation of soybean, a continuous sup‐
ply of a low level of combined nitrogen from the subsoil (eg. soil organic matter) may sup‐
port the plant vigor and photosynthetic activity and promote nitrogen fixation. The use of
coated urea and lime nitrogen for deep placement has been successful in various types of
soil in Japan.
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Soybean Agricultural Economics





Chapter 7

The Comparative Advantage of Soybean Production in
Vietnam: A Policy Analysis Matrix Approach

Huynh Viet Khai and Mitsuyasu Yabe

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51000

1. Introduction

Vietnam is a country with a long agricultural tradition in which highly-skilled farmers make
up 68% of the population. Annually, Vietnam has been exporting a lot of agricultural prod‐
ucts, which contributes a large amount of foreign currency to the governmental budget. Re‐
cently, Vietnam has become the second largest exporter of rice after Thailand, of cashew
after Indonesia and of coffee after Brazil. Moreover, Vietnam is one of the top-leading ex‐
porters for rubber, and black pepper.

Although the contribution of farmers is very important for agriculture as well as for the
economy of Vietnam, farmers’ earnings are much lower than the rest of the population. This
fact has created an income gap between rural and urban people. To solve this problem, the
government has applied a variety of policies to increase the farmers’ income, for instance,
policies related to import, export, agricultural outputs and inputs etc. However, studies on
the effectiveness and impacts of such policies are still limited. How have the policies under‐
taken by the government had an impact on farmers? Are farmers receiving any benefits
from policies provided by the government? These are the questions that the study partly
seeks to answer. In this study, the method of policy analysis matrix (PAM) was used to ana‐
lyze the effect of policies on soybean production in Vietnam. Moreover, the analysis of PAM
also answers whether the development of soybean production has potential in Vietnam, in
other words, whether soybean cultivation has a comparative advantage in Vietnam com‐
pared to the other soybean producers in the world. The results of the study are useful to pol‐
icy-makers, and also help us better understand the effects of the current policies undertaken
by the government.

The first section of the study discusses data collection, the theoretical framework and some use‐
ful policy parameters of PAM. The second section reviews the current situation of soybean pro‐
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duction in the study area by doing the cost - benefit analysis (CBA) of soybean production. The
third section presents the establishment of, results of, some sensitivity analyses of PAM, and
policy simulations to help determine likely changes on PAM’s parameters. This will be fol‐
lowed with some conclusions.

2. Data

The primary data of this study was collected in a field survey in two agro-ecological areas of
the Mekong Delta of Vietnam in 2004. In the Mekong Delta, rice is the main crop. Farmers
often apply mixed farming systems such as one-rice and one-fish crop, or two-rice and one-
vegetable crop to improve income and soil conditions. Consequently, farmers grow soybean
once a year. The soybean crop is usually cultivated in January and February after the Win‐
ter-Spring rice crop and harvested in March and April. In this study, farmers who grow
two-rice and one-soybean crop were selected for interviews.

The interviews were conducted in Can Tho Province, representing the lower reaches of the
Mekong Delta, and An Giang Province, representing the upper one. The total sample of 113
farmers, of which 58 farmers were in Can Tho and 55 farmers in An Giang, was interviewed
following a stratified random sampling procedure. The survey was conducted by the staffs
of Can Tho University, Vietnam.

3. Methodology

The approach of Policy Analysis Matrix (PAM) is applied to estimate the comparative ad‐
vantage of soybean production. The PAM is a tool to create policy indicators for which val‐
ues can be estimated, notable among which are the nominal protection coefficient, effective
protection coefficient, private cost ratio and domestic resource cost ratio.

Regarding practical issues addressed by the PAM, Monke and Pearson (1989, p.17) pro‐
posed that the application of PAM approach is suitable for three areas of economic analysis:

- The impact of policies on the competitiveness of commodity systems;

- The impact of investment policy on economic efficiency and comparative advantage;

- The effects of agricultural research policy on steering the processes of technological change
in desirable directions.

The PAM is built through double entry book-keeping, with the purpose of ensuring com‐
plete and consistent coverage of all policy influences on the returns to, and costs of, agricul‐
tural production or marketing. Indicators of the economic consequences of policies could be
derived from the parameters in the matrix. The main empirical task is to construct account‐
ing matrices of revenues, costs and profits. A PAM is constructed for each commodity sys‐
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tem to be analyzed. Thus, the impact of commodity and macroeconomic policies is
measured by comparing results in the presence and the absence of policy.

The PAM is comprised of revenues, costs and profits, at private and social (often called
‘shadow’) prices (Table 1). The top row of the matrix is a budget showing costs of produc‐
tion and marketing at market prices, the only unusual aspect being the division of cost ele‐
ments into two categories: tradable and non-tradable inputs (usually defined as domestic
resources – the immovable domestic factors of production).

The second row in the matrix shows the same cost elements expressed at social prices, i.e.
social opportunity cost. For tradable products, adjusted world prices are normally taken as
social prices, applying import or export parity measures as appropriate. The social price of
domestic resources is taken as their opportunity cost, in other words the return at the mar‐
gin in the best available alternative.

Revenues Tradable input costs Domestic factor costs Profits

Private accounts A B C D

Social accounts E F G H

Divergences I J K L

Note: Private Profits: D = A – B – C; Social Profits: H = E – F – G; Output Transfers: I = A – E;
Input Transfers: J = B – F; Factor Transfers: K = C – G; Net Transfers: L = D – H Source: Monke
and Pearson 1989.

Table 1. The Policy Analysis Matrix (PAM)

An important general point about the PAM is that the opportunity costs of domestic resour‐
ces will be a function of current policy. Thus, strictly, these opportunity costs are only rele‐
vant under a particular set of policy constraints, i.e. they are constrained second best
equilibrium values. If policy was to change, so would opportunity costs. For this reason, the
PAM is not completely satisfactory in terms of economic theory, being based on a partial
equilibrium rather than general equilibrium approach. It is a practical, indicative approach
to policy, which recognizes that practitioners of policy analysis will only rarely have the da‐
ta or the time to construct a fully specified general equilibrium model capable of generating
useful estimates of opportunity costs under different policy scenarios.

The third row of the PAM is simply the first row minus the second. It shows the net impact
of: market failure; distorting policies; and efficient policies (those which correct market fail‐
ure). The signs of the revue and cost terms in the third row indicate whether the net effects
of policy and market imperfections for these categories amount to an implicit subsidy or tax.
If for example, I letter were positive, the net effect of policy or market failure is that the mar‐
ket price paid to the system is in excess of the social opportunity cost, i.e. output prices are
subsidized. The right-hand entry in the third row, L, summarizes the net effect of polices or
market failures on the profitability of the system, known as ‘net transfers’. If D > H, then the
net effect of policy is to subsidize the system. In this case, policy reforms to bring about
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greater economic efficiency will reduce the gap between D and H, and this will induce ad‐
justments in the commodity system in question, which may involve changes in the propor‐
tions in which resources are used and, at least in the short term, some contraction in the
scale of operation.

Regarding indicators in the PAM, the basis PAM permits twelve indicators of economic effi‐
ciency, six of which are non-ratio indicators and six are ratio-indicators. Ratio measures are
more useful for comparison of commodity systems which are dissimilar in the relative pro‐
portions in which they use inputs.

The primary objective of constructing a PAM is to derive a few important policy parameters
for policy analysis. Seven of the most commonly used parameters are private cost ratio
(PCR), domestic resource cost (DRC), nominal protection coefficient output (NPCO), nomi‐
nal protection coefficient input (NPCI), effective protection coefficient (EPC),Profitability
Coefficient (PC) and Subsidy Ratio to Producers (SRP) explained as followings:

- PCR is the ratio of factors costs (C) to value added in private prices (A-B). In Table 1, PCR =
C/(A-B). This ratio measures the competitiveness of a commodity system. This system is
competitive if PCR is less than 1.

- DRC is the ratio of domestic factor cost valued at social prices to the value-added created
by the same resources at social prices. In Table 1, DRC = G/(E-F). It is, in fact, a social cost-
benefit ratio which helps determine the desirability of certain domestic production systems
relative to the international market in terms of economic efficiency. The social cost is the op‐
portunity cost of domestic resources involved in the production process. The social benefit is
the value-added generated by the resources measured at social prices. If the cost is greater
than the benefit (DRC>1), the production of the product is not desirable from the social point
of view. On the other hand, if the cost is less than the benefit (DRC<1), the production of that
product is socially desirable. If the cost is equal to the benefit (DRC=1), it is just worthwhile
to produce the commodity. It also implies that in regard to the commodity in question, the
allocation of productive resources is such that domestic resources are being used in a way
that reduces the country’s welfare.

- NPCO is the ratio of domestic market price of a product to its parity price at the farm-gate.
In Table 1, NCPO=A/E. If NPCO>1, it indicates that the private price of output is greater
than its parity price and hence producers are positively protected for the product. If
NPCO<1, it indicates that producers are implicitly taxed on the product. If NCPO=1, it indi‐
cates a neutral situation.

- NPCI is the ratio of the private to the social values of all the tradable inputs (or input com‐
ponents). In Table 1, NPCI=B/F. If NPCI>1, it indicates that producers are taxed when they
buy tradable inputs. If NPCI<1, it indicates that they are subsidized. NPCI=1 represents a
neutral situation.

- NPCO and NPCI consider the distortion of government policy in the product and tradable
input markets respectively in isolation. EPC measures the total effects of intervention in
both markets. It is defined as the ratio of value-added measured at private prices to that at

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

164



greater economic efficiency will reduce the gap between D and H, and this will induce ad‐
justments in the commodity system in question, which may involve changes in the propor‐
tions in which resources are used and, at least in the short term, some contraction in the
scale of operation.

Regarding indicators in the PAM, the basis PAM permits twelve indicators of economic effi‐
ciency, six of which are non-ratio indicators and six are ratio-indicators. Ratio measures are
more useful for comparison of commodity systems which are dissimilar in the relative pro‐
portions in which they use inputs.

The primary objective of constructing a PAM is to derive a few important policy parameters
for policy analysis. Seven of the most commonly used parameters are private cost ratio
(PCR), domestic resource cost (DRC), nominal protection coefficient output (NPCO), nomi‐
nal protection coefficient input (NPCI), effective protection coefficient (EPC),Profitability
Coefficient (PC) and Subsidy Ratio to Producers (SRP) explained as followings:

- PCR is the ratio of factors costs (C) to value added in private prices (A-B). In Table 1, PCR =
C/(A-B). This ratio measures the competitiveness of a commodity system. This system is
competitive if PCR is less than 1.

- DRC is the ratio of domestic factor cost valued at social prices to the value-added created
by the same resources at social prices. In Table 1, DRC = G/(E-F). It is, in fact, a social cost-
benefit ratio which helps determine the desirability of certain domestic production systems
relative to the international market in terms of economic efficiency. The social cost is the op‐
portunity cost of domestic resources involved in the production process. The social benefit is
the value-added generated by the resources measured at social prices. If the cost is greater
than the benefit (DRC>1), the production of the product is not desirable from the social point
of view. On the other hand, if the cost is less than the benefit (DRC<1), the production of that
product is socially desirable. If the cost is equal to the benefit (DRC=1), it is just worthwhile
to produce the commodity. It also implies that in regard to the commodity in question, the
allocation of productive resources is such that domestic resources are being used in a way
that reduces the country’s welfare.

- NPCO is the ratio of domestic market price of a product to its parity price at the farm-gate.
In Table 1, NCPO=A/E. If NPCO>1, it indicates that the private price of output is greater
than its parity price and hence producers are positively protected for the product. If
NPCO<1, it indicates that producers are implicitly taxed on the product. If NCPO=1, it indi‐
cates a neutral situation.

- NPCI is the ratio of the private to the social values of all the tradable inputs (or input com‐
ponents). In Table 1, NPCI=B/F. If NPCI>1, it indicates that producers are taxed when they
buy tradable inputs. If NPCI<1, it indicates that they are subsidized. NPCI=1 represents a
neutral situation.

- NPCO and NPCI consider the distortion of government policy in the product and tradable
input markets respectively in isolation. EPC measures the total effects of intervention in
both markets. It is defined as the ratio of value-added measured at private prices to that at

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

164

social prices, or EPC=(A-B)/(E-F). If EPC>1, it implies that the overall impact of the existing
policy results in a net positive incentive to produce the commodity. EPC<1 represents a net
disincentive. EPC=1 implies either no intervention or impact of various distortions in both
the input and product markets results in a neutral effect on value-added.

- PC measures the impact of all transfers on the private profits. It equals the ratio of private
profits to social profits or PC = D/H.

- SRP is a single measure of all transfer effects. In Table 1, SRP = L/E = (D-H)/E. It indicates
the extent to which the system revenues are increased or decreased because of transfers. If
the market failures are insignificant, the SRP shows the net impact of distorting policies on
the system revenues.

5. Results and discussion

5.1. Cost and benefit analysis of soybean production

The income is estimated by multiplying yield with price and the profit is calculated by using
income minus the total cost of soybean production presented in Table 2.

Can Tho An Giang Overall

Yield (kg/10a) 277.01 259.04 267.79

Price (VND/kg) 4,974.55 5,333.62 5,158.85

Income (VND/10a) 1,378,006.98 1,381,598.04 1,381,462.72

Total costs (VND/10a) 936,978.29 800,466.64 860,258.04

Profit (VND/10a) 441,028.69 581,131.40 521,204.68

Family labor (days/10a) 4.87 4.89 4.88

Profit-income ratio 0.3 0.4 0.4

Profit-cost ratio 0.5 0.7 0.6

Income-cost ratio 1.5 1.7 1.6

Profit-family labor ratio 90,544.25 118,730.95 106,738.45

Note: 10a (are) = 1,000m2. Source: computed from the survey data

Table 2. Yield, income and profit of soybean production

Table 2 shows that harvesting the average yield of soybean production of 268kg per 10a,
soybean farmers sell their product with the price of 5,200VND per kg. However, there is a
big variation in soybean price among farmers in the sample. The minimum price is only
1,000VND per kg, while the maximum is 7,000VND per kg. The reasons for this may come
from the differences in output quality, the time of selling and unstable markets. Normally,
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the soybean price is fixed by purchasers while it is sometimes formed by the negotiation be‐
tween buyers and sellers. At harvesting time, the buyers come to the farm to buy soybean at
the farm-gate. Very few farmers could sell their product at the market price because of the
lack of market information. They even sell their soybean at a low price compared to the mar‐
ket price due to poor storage facilities and the lack of savings for daily living.

Figure 1. Yield, income and profit of soybean production

With an average soybean income of around 1,400,000VND per 10a, farmers could receive a
profit of 521,000VND per 10a from their soybean cultivation. There is a big difference in
profit among the surveyed sample. Some farmers could obtain the maximum profit of
around 1,767,000VND per 10a while 20 percent of farmers had negative profits from soy‐
bean cultivation.

In rural areas in Vietnam, family labor is considered as the source of income. The ratio of
profit to family labor means the earning of farmers received in their own land. This ratio of
106,000VND per day is three times higher than the hired labor price of 35,000VND per day,
indicating that it is more profitable to do their own farming compared to working for other
farmers as hired laborers.

The income-cost ratio of 1.6 indicates that farmers spent 1VND on soybean production costs
and received an income of 1.6VND resulting in a profit of 0.6VND for soybean production
performed by the profit to cost ratio. Although these ratios are rather high, the absolute
amount of cash profit received by farmers is relatively low because of their small-scale pro‐
duction of soybean (the average soybean area of 0.68ha). In addition, the poor farming tech‐
niques and lack of market information result in unstable yields and prices that may not
ensure sustainable income for soybean farmers.
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5.2. Establishing the Policy Analysis Matrix

The basic information needed for compiling a PAM are yields, input requirements, the ac‐
tual market prices and social prices of inputs and outputs. The major sources of data used
for the private account in the PAM are from the data of the soybean farm household survey.

The first step is to establish a table of physical input-output relationships for soybean pro‐
duction. This numerical description of the soybean production function summarizes the
technology used in this system. In this illustrative system, the inputs used by the representa‐
tive farmers are about 18kg Urea, 18kg NPK and 3.3 labor days for crop care per 10 a. The
average yield of soybean is around 268kg per 10a. These input-output coefficients are drawn
from the synthetic budgets and the farm interviews presented in Table 3.

I-O Quantities An Giang Can Tho Overall

Tradable Fertilizer    

 Urea (kg/10a) 18.5 17.0 17.8

 NPK (kg/10a) 16.4 19.4 17.9

 DAP (kg/10a) 12.8 13.3 13.1

 Other fertilizer (VND) 13,461.8 4,205.1 8,710.6

 Pesticide (VND/10a)

 Herbicide 45,664.8 22,230.9 33,636.8

 Fungicide 17,754.4 6,887.3 12,176.6

 Insecticide 151,777.7 122,718.5 136,862.4

 Other pesticide 17,425.5 14,860.3 16,108.8

 Seed (kg/10a) 13.9 9.6 11.7

 Fuel of Irrigation (liters/10a) 4.7 2.7 3.6

Factors Labor (days/10a)

 Hired labor 4.8 1.9 3.3

 Machinery (days/10a)

 Land preparation 1.1 3.0 2.1

 Irrigation - 2.4 1.2

 Harvest 4.6 4.2 4.4

 Other machinery (VND/10a) 363.6 8,298.2 4,401.8

Output (kg/10a) 277.0 259.0 267.8

Source: Own estimates, 2006; data appendix available from authors

Table 3. Physical Input-Output of soybean
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The second step is to compile a table of private (actual market) prices for each of the inputs
used and output produced in the system. These prices should be representative of the base
year of the study. The private prices for the soybean system are presented in Table 4.

P-Price Quantities An Giang Can Tho Overall

Tradable Fertilizer    

 Urea (VND/kg) 3,302 3,401 3,352

 NPK (VND/kg) 3,573 3,601 3,588

 DAP (VND/kg) 3,990 4,101 4,049

 Other fertilizer (VND) - - -

 Pesticide (VND)

 Herbicide - - -

 Fungicide - - -

 Insecticide - - -

 Other pesticide - - -

 Seed (VND/kg) 6,463 6,562 6,514

 Fuel of Irrigation (VND/liters) 5,190 5,624 5,373

Factors Labor (VND/day)

 Hired labor 37,368 29,628 34,159

 Machinery (VND/day)

 Land preparation 24,000 27,179 25,272

 Irrigation - 26,277 26,277

 Harvest 43,784 38,783 41,012

 Other machinery (VND) - - -

Output (VND/kg) 4,975 5,334 5,159

Source: Own estimates, 2006; data appendix available from authors

Table 4. Private Prices of soybean

The most difficult task for constructing a PAM is the estimation of social prices and the sep‐
aration of inputs into their tradable and non-tradable components. We use the world price
as a reference price. In the study, the social price of soybean is the respective import parity
price of soybean equivalents at the farm gate as an imported commodity. The CIF import
price of soybean is listed on the website of the Ministry of Agriculture and Rural Develop‐
ment. The CIF price is adjusted at the farm gate by adding to it the transportation cost from
the port of Ho Chi Minh City, one of the biggest ports in Vietnam. The value of transporta‐
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tion is assumed to be equal to 1 percent of the CIF price of soybean. The social price of soy‐
bean at the farm gate is then calculated by subtracting the distribution costs to farm.

As for tradable inputs, Vietnam has been importing chemical fertilizer, pesticides, fuel and
other major farm inputs from international markets. Thus, the tradable inputs for fertilizer,
fuel, etc. are the respective import parity prices at the farm gate and the social price of soy‐
bean seed is assumed to be equal to 20 percent of the social soybean price. However, be‐
cause of complications for pesticide price, the social price of pesticides was not calculated in
the study. Regarding domestic factors, since these factors are not tradable internationally
and thus do not have world price, their social opportunity costs are estimated through ob‐
servations of rural factor markets. The domestic inputs in the study are hired labor, machi‐
nery etc. They are assumed to be equal to the maximum prices in the sample.

When the parity prices of soybean and inputs are estimated, the shadow exchange rate instead
of the official exchange rate is used to convert the international prices in US$ into VND. In the
study, shadow exchange is assumed to be 16,000VND/US$ for calculating the social prices of
soybean and its inputs. The social prices of soybean is calculated by adjusting form the interna‐
tional price to farm-gate level presented in Table 5. Similarly, the social price of tradable inputs
such as fertilizers and diesel are also estimated in Table 6 and Table 7.

Import parity prices Soybean

CIF Vietnam (US$/ton) * 366.3

Exchange rate (VND/US$) 16,000.0

Exchange rate premium (%) 0.10%

Equilibrium exchange rate (VND/US$) 16,016.0

CIF Vietnam in domestic currency (VND/ton) 5,866,700.0

Weight conversion factor (kg/ton) 1,000.0

CIF Vietnam in domestic currency (VND/kg) 5,866.7

Transportation and handing costs (VND/kg) 58.7

Value before processing (VND/kg) 5,925.4

Processing conversion factor (%) 1

Import parity value (VND/kg) 5,925.4

Distribution costs to farm (VND/kg) 200.0

Import parity value at farm gate (VND/kg) 5,725.4

* The source from the website of Ministry of Agriculture and Rural Development,
6/4/2006 Source: Own estimates, 2006; data appendix available from authors

Table 5. Adjustment of International Price of soybean to Farm-gate Level
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Import Parity Prices Urea NPK DAP

CIF HCM port (US$/ton) * 147.19 161.77 199.33

Exchange rate (VND/US$) 16,000 16,000 16,000

Exchange rate premium (%) 0.10% 0.10% 0.10%

Equilibrium exchange rate (VND/US$) 16,016 16,016 16,016

CIF in domestic currency (VND/ton) 2,357,352.0 2,590,913.3 3,192,442.8

Weight conversion factor (kg/ton) 1,000 1,000 1,000

CIF in dom.currency and weigh units (VND/kg) 2,357.35 2,590.91 3,192.44

VAT 5% 5% 5%

CIF and VAT in domestic currency (VND/kg) 2,475.22 2,720.46 3,352.06

Transportation and handing costs (VND/kg) 230.0 230.0 230.0

Value before processing (VND/kg) 2,705.2 2,950.5 3,582.1

Processing conversion factor 1 1 1

Import parity value at wholesale (VND/kg) 2,705.2 2,950.5 3,582.1

Distribution costs to farm (VND/kg) 200.0 200.0 200.0

Import parity value at farm gate (VND/kg) 2,505.2 2,750.5 3,382.1

* The source from the website of Ministry of Agriculture and Rural Development, 6/4/2006
Source: Own estimates, 2006; data appendix available from authors

Table 6. Adjustment of International Prices of fertilizers to Farm-gate Level

Import Parity Prices Diesel

CIF HCM port (US$/ton) * 359

Exchange rate (VND/USD) 16,000

Exchange rate premium (%) 0.10%

Equilibrium exchange rate (VND/US$) 16,016

CIF in domestic currency (VND/ton) 5,749,744.00

Weight conversion factor (kg/ton) 1000

CIF in domestic currency and weigh units (VND/kg) 5,749.74

Luxury tax and transportation 10%

CIF including luxury tax 6,324.72

VAT 10%

CIF and VAT in domestic currency (VND/kg) 6,957.19

Transportation and handing costs (VND/kg) ** 500
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CIF and VAT in domestic currency (VND/kg) 2,475.22 2,720.46 3,352.06

Transportation and handing costs (VND/kg) 230.0 230.0 230.0

Value before processing (VND/kg) 2,705.2 2,950.5 3,582.1

Processing conversion factor 1 1 1

Import parity value at wholesale (VND/kg) 2,705.2 2,950.5 3,582.1

Distribution costs to farm (VND/kg) 200.0 200.0 200.0

Import parity value at farm gate (VND/kg) 2,505.2 2,750.5 3,382.1

* The source from the website of Ministry of Agriculture and Rural Development, 6/4/2006
Source: Own estimates, 2006; data appendix available from authors

Table 6. Adjustment of International Prices of fertilizers to Farm-gate Level

Import Parity Prices Diesel

CIF HCM port (US$/ton) * 359

Exchange rate (VND/USD) 16,000

Exchange rate premium (%) 0.10%

Equilibrium exchange rate (VND/US$) 16,016

CIF in domestic currency (VND/ton) 5,749,744.00

Weight conversion factor (kg/ton) 1000

CIF in domestic currency and weigh units (VND/kg) 5,749.74

Luxury tax and transportation 10%

CIF including luxury tax 6,324.72

VAT 10%

CIF and VAT in domestic currency (VND/kg) 6,957.19

Transportation and handing costs (VND/kg) ** 500
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Import Parity Prices Diesel

Value before processing (VND/kg) 7,457.19

Processing conversion factor 1

Import parity value at wholesale (VND/kg) 7,457.19

Distribution costs to farm (VND/kg) 200

Import parity value at farm gate (VND/kg) 7,257.19

* The source from the website of Labor newspaper, 19/10/2006**The source from the
website of Viet Nam trade promotion Agency, 21/4/2006 Source: Own estimates, 2006;
data appendix available from authors

Table 7. Adjustment of International Prices of Diesel to Farm-gate Level

S-Price Quantities An Giang Can Tho Overall

Tradable Fertilizer    

 Urea (VND/kg) 2,505.22 2,505.22 2,505.22

 NPK (VND/kg) 2,750.46 2,750.46 2,750.46

 DAP (VND/kg) 3,382.06 3,382.06 3,382.06

 Other fertilizer (VND) - - -

 Pesticide (VND)

 Herbicide - - -

 Fungicide - - -

 Insecticide - - -

 Other pesticide - - -

 Seed (VND/kg) 6,870.44 6,870.44 6,870.44

 Fuel of Irrigation (VND/liters) 7,257.19 7,257.19 7,257.19

Factors Labor (VND/day)

 Hired labor 73,000.00 73,000.00 73,000.00

 Machinery (VND/day)

 Land preparation 35,000.00 35,000.00 35,000.00

 Irrigation - 83,000.00 83,000.00

 Harvest 80,000.00 80,000.00 80,000.00

 Other machinery (VND) - - -

Output (VND/kg) 5,725.37 5,725.37 5,725.37

Source: Own estimates, 2006; data appendix available from authors

Table 8. Social prices of soybean
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Unit: VND/10a

Quantities
Private values Social values

An Giang Can Tho Overall An Giang Can Tho Overall

Tradable factors

Fertilizer

Urea 61,188 57,957 59,543 46,425 42,690 44,508

NPK 58,730 69,740 64,373 45,213 53,264 49,346

DAP 51,210 54,472 52,898 43,410 44,923 44,187

Other fertilizer 13,462 4,205 8,711 13,462 4,205 8,711

Pesticide

Herbicide 45,665 22,231 33,637 45,665 22,231 33,637

Fungicide 17,754 6,887 12,177 17,754 6,887 12,177

Insecticide 151,778 122,718 136,862 151,778 122,718 136,862

Other pesticide 17,426 14,860 16,109 17,426 14,860 16,109

Seed 89,970 62,821 76,018 95,643 65,773 80,175

Fuel of Irrigation 24,327 14,944 19,589 34,018 19,285 26,456

Domestic factors

Labor

Hired labor 179,692 56,251 113,236 351,033 138,596 241,994

Machinery

Land preparation 26,142 80,851 51,996 38,124 104,116 72,012

Irrigation - 62,748 32,207 - 198,198 101,730

Harvest 199,272 161,483 178,500 364,102 333,103 348,191

Other machinery 364 8,298 4,402 364 8,298 4,402

Output

Total Revenue 1,378,007 1,381,598 1,381,463 1,585,993 1,483,074 1,533,168

Total costs

(excluding land)

936,978 800,467 860,258 1,264,416 1,179,150 1,220,495

Profit (excluding

land)

441,029 581,131 521,205 321,578 303,925 312,672

Source: Own estimates; data appendix available from authors.

Table 9. Private and social revenues, costs and profits of soybean.
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Getting the results from these above tables (Table 5, 6, 7), the full set of social prices for the
illustrative soybean system is presented in the following Table 8.

After the calculation of private and social prices for tradable, non-tradable inputs and soy‐
bean, Table 9 shows a farm budget. The table is divided into two blocks. The first block re‐
cords private prices, calculates the costs of inputs, and separates these costs into their
tradable and non-tradable components. The second block is similar to the first block but all
the values are calculated in social prices.

Unit: VND/10a

 

 Revenues 
Costs

Profits 
Tradable Factors

An Giang

Private 1,378,006.98 531,508.89 405,469.40 441,028.69

Social 1,585,993.28 510,793.46 753,622.20 321,577.62

Divergences -207,986.30 20,715.43 -348,152.80 119,451.06

DRC = 0.70; PCR = 0.48

Can Tho

Private 1,381,598.04 430,835.33 369,631.31 581,131.40

Social 1,483,074.31 396,837.71 782,311.92 303,924.67

Divergences -101,476.27 33,997.61 -412,680.61 277,206.73

DRC = 0.72; PCR = 0.39

Overall

Private 1,381,462.72 479,916.49 380,341.55 521,204.68

Social 1,533,167.61 452,166.02 768,329.20 312,672.40

Divergences -151,704.89 27,750.48 -387,987.65 208,532.28

DRC = 0.71; PCR = 0.42

Source: Own estimates; data appendix available from authors.

Table 10. Results of the PAM analyses of soybean

The summary information from Table 9 is extracted to form a PAM of soybean production
as shown in Table 10.

The principal determinant of transfers to farm production activity is the difference between
world and domestic prices. The study shows that farmers received the private soybean price
of 5,159VND per kilogram. The CIF price of soybean is 5,725VND per kilogram equivalent
to a farm-gate social price (after converting to social costs and subtracting the social value of
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transport costs). For 10a of soybean, the private profit is 521,205VND, while the social profit
is only 312,672VND.

5.3. Comparative and competitive advantage of the soybean farming system

The ability of an agricultural system to compete without distorting government policies can
be strengthened or eroded by changes in economic conditions. Dynamic comparative ad‐
vantage refers to shifts in competitiveness that occur over time because of changes in three
categories of economic parameters – long-run world prices of tradable outputs and inputs,
social opportunity costs of domestics factors of production (labor, capital and land), and
production technologies used in farming or marketing. Collectively, these three parameters
determine comparative advantage.

  Total Revenue NPCO

An Giang

0.87
Private 1,378,006.98

Social 1,585,993.28

Divergences -207,986.30

Can Tho

0.93
Private 1,381,598.04

Social 1,483,074.31

Divergences -101,476.27

Overall

0.90
Private 1,381,462.72

Social 1,533,167.61

Divergences -151,704.89

Table 11. Output transfer of soybean farming system

Comparative advantage of an agricultural system, in the PAM table, is indicated by the val‐
ue of the Domestic Resources Cost Ratio (DRC). The DRC serves as a proxy measure for so‐
cial profits. Minimizing the DRC is equivalent to maximizing social profits. Comparative
advantage is an indicator of potential advantage and will be fully received if there is no poli‐
cy distortion in the system. If a commodity has comparative advantage, its production is
economically efficient.

Based on information provided in Table 10, the DRC of soybean-farming system is 0.71. This
result indicates that the soybean system has a comparative advantage. Growing Soybean in
Can Tho is as efficient as that in An Giang because DRC of the two provinces are nearly the
same. In other words, soybean production in An Giang has the same comparative advantage
to that in Can Tho.
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The determination of profit actually received by farmers is a straightforward and important
initial result of the PAM approach. The results indicate which farmers are currently compet‐
itive. In the PAM table, the competitiveness of a system is measured by the private profita‐
bility (D) or Private Cost Ratio (PCR). Based on information given in Table 10, the PCR of
soybean production is 0.42. This result indicates that soybean cultivation is profitable and
thus competitive.

5.4. Transfers and impacts of government policies

In the Policy Analysis Matrix (PAM), impacts of government policies can be identified by
the divergences identity in the third row of the PAM table. Divergences cause private prices
to differ from their social counterparts. A divergence arises either because a distorting policy
intervenes to cause a private market price to diverge from an efficient price or because un‐
derlying market forces have failed to provide an efficient price. Divergences in PAM can al‐
so be indicated by the ratio between the values in the first row (private prices) and the
values in the second row (social prices). The ratio’s indicators are more frequently used be‐
cause of their ability to compare different systems producing unlike outputs.

 

 

Tradable input costs

Urea NPK DAP Other fer. Pes. Seed Fuel Total

An Giang         

Private 61,188 58,730 51,210 13,462 232,622 89,970 24,327 531,509

Social 46,425 45,213 43,410 13,462 232,622 95,626 34,018 510,777

Divergences 14,763 13,516 7,800 0 0 -5,656 -9,691 20,732

NPCI = 1.04

Can Tho         

Private 57,957 69,740 54,472 4,205 166,697 62,821 14,944 430,835

Social 42,690 53,264 44,923 4,205 166,697 65,762 19,285 396,826

Divergences 15,267 16,476 9,549 0 0 -2,941 -4,341 34,009

NPCI = 1.09

Overall         

Private 59,543 64,373 52,898 8,711 198,785 76,018 19,589 479,916

Social 44,508 49,346 44,187 8,711 198,785 80,161 26,456 452,152

Divergences 15,035 15,028 8,712 0 0 -4,142 -6,868 27,764

NPCI = 1.06

Table 12. Tradable input transfers of soybean farming system
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Table 11 shows output transfers of soybean production. The ratio formed to measure output
transfers is called the Nominal Protection Coefficient on Output (NPCO). The NPCOs of
soybean in Can Tho and An Giang are slightly different. The NPCOs of Can Tho and An
Giang are 0.93 and 0.87, respectively. Both values of NPCO are less than 1. This result indi‐
cates that soybean farmers received slightly lower prices than they would have received fac‐
ing world prices or that systems are receiving very slight protection. The positive output
transfers are caused mainly by indirect quantitative restriction (quotas) on soybean imports.

Moreover, the value of NPCI is 1.06. This result indicates that soybean farmers are taxed
when they buy tradable inputs. Details of tradable input transfers of soybean production are
presented in Table 12.

  Revenues Tradable input costs EPC

An Giang

0.79
Private 1,378,006.98 531,508.89

Social 1,585,993.28 510,793.46

Divergences -207,986.30 20,715.43

Can Tho

0.88
Private 1,381,598.04 430,835.33

Social 1,483,074.31 396,837.71

Divergences -101,476.27 33,997.61

Overall

0.83
Private 1,381,462.72 479,916.49

Social 1,533,167.61 452,166.02

Divergences -151,704.89 27,750.48

Source: Own estimates; data appendix available from authors.

Table 13. Effective Protection Coefficients for soybean farming system

The EPCs of the soybean farming systems are depicted in Table 13. Regarding the total ef‐
fects of government intervention in the output of soybean and tradable input markets, the
study estimates the value of EPC=0.83. It indicates that there is no subsidy of soybean pro‐
duction in the soybean output and tradable input markets from government policies. The
costs or profits of soybean producers are 17 percent less than they would have been in the
absence of policy on output and tradable inputs.

5.5. Sensitivity analysis of soybean production

The aim of sensitivity analysis in this section is to examine whether soybean production will
have comparative advantage or not when the key factors vary and change in the future. The
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expected results will help answer the question “How sensitively are ratios of a PAM subject
to the changes of the key factors?” In the study, based on the unstable market of inputs, and
the changes of government policy, three possible scenarios are assumed as: the reduction of
soybean tariff from 15 percent to 5 percent, an increase of 10 percent in fertilizer prices and
in exchange rate of VND/US$ of 10 percent. The results of sensitivity analysis of a PAM are
performed in Table 14.

- The decrease of the soybean tariff: Vietnam officially jointed the WTO in November 2006. In
compliance with WTO rules, the import tariff for soybean has to decrease from 15 percent to
5 percent. Table 14 shows that when the soybean tariff is reduced from 15 percent to 5 per‐
cent, soybean production in Vietnam still has a comparative advantage since the DRC be‐
comes 0.83 less than 1. Moreover, the NPCO = 1.01, indicating a neutral situation, meaning
that there is almost no intervention of the Government in the soybean market.

DRC NPCI NPCO EPC

Basic scenario 0.71 1.06 0.9 0.83

A decrease from 15% to 5% in the soybean tariff 0.83 1.08 1.01 0.97

An increase of 10% in the fertilizer prices 0.72 1.07 0.9 0.83

An increase of 10% in the exchange rate 0.72 1.02 0.9 0.85

Source: Own estimates; data appendix available from authors.

Table 14. Sensitivity analysis of a PAM

- The increase of fertilizer prices: According to the annual statistics, the prices of fertilizer have
been increasing steadily and it is likely that the upward trend will continue in the future.
Thus, we assume that the price of fertilizers will go up about 10 percent in the future and
then we investigate how the change of the PAM ratios is. The result shows that soybean
farmers in Vietnam still have comparative ability when the prices of fertilizer increase 10
percent.

- An increase in the exchange rate: Recently, since the Vietnamese currency gradually has been
losing value compared with the US$ currency, the study assumes the US$ currency increas‐
es about 10 percent compared with the currency of VND and considers what happens to the
PAM ratios. The analysis indicates that there are no big changes for Vietnamese soybean in
terms of competitiveness and soybean cultivation and that Vietnam would still have a com‐
parative advantage when the exchange rate increases 10 percent.

6. Conclusion

Calculating the costs, income and profit of soybean production, we described and estimated
briefly the current situation of soybean production in Vietnam. It revealed that with the aver‐
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age soybean yield of 268kg per 10a, farmers obtained income of 1.38 million VND. After ex‐
cluding input costs such as fertilizers, pesticides, hired labors, machinery service etc., the
soybean farm could receive a profit of 521,000VND. The financial ratios of soybean production
showed if the farmer invested 1VND into soybean production, they could earn 1.6VND for in‐
come, thus receive a profit of 0.6VND. In addition, the ratio of profit to family labor indicated it
was more profitable for Vietnamese soybean farmers to do their own farming than to work as
hired laborers for other farmers. In other words, they could obtain the much higher amount of
opportunity cost of around 107,000VND per day from soybean cultivation in comparison with
the average hired labor of 35,000VND per day in the Vietnamese rural areas.

By applying the approach of policy analysis matrix (PAM) to analyze the competitiveness of
soybean production in Vietnam, the study showed that soybean production had a compara‐
tive advantage since DRC was less than 1. Moreover, we determined that government policy
had almost no positive impacts on the soybean farmers. It even reduced the competitiveness
of Vietnamese soybean. Because PAM analysis could not capture the potential changes in
prices and productivity, the results of scenarios in Table 14 are subject to changes in market
conditions. Some sensitivity analyses were estimated to catch some potential changes. The
simulation results showed that if any of the following forecasts became true, soybean pro‐
duction still had a comparative advantage: the decrease of soybean tariff from 15 percent to
5 percent, the increase of fertilizer prices of 10 percent, an increase of 10 percent in the ex‐
change rate.
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1. Introduction

Lipoxygenases  (EC  1.13.11.12)  are  non-heme  iron-containing  enzymes  that  catalyze  the
site-specific  oxygenation of  polyunsaturated fatty acids to produce hydroperoxides.  Lip‐
oxygenases are suggested to be involved in the early event  of  atherosclerosis  by induc‐
ing plasma low-density lipoprotein (LDL) oxidation [1,  2].  Lipoxygenase inhibitors have
also  been  suggested  to  be  potential  cancer  chemopreventives  [3,4].  On  the  other  hand,
lipid peroxidation is well  known as one of the major factors in deterioration during the
storage  and processing  of  foods,  because  it  can  lead  to  the  development  of  unpleasant
rancid or off flavors as well as potentially toxic end products [5]. Hence, lipoxygenase in‐
hibitors should have broad applications [6].

Lipoxygenase inhibitors act in different ways; by chelating the iron of the active site of the
enzyme [7, 8] and/or by reducing the ferric form of the enzyme to an inactive ferrous form
[9, 10] (Fig. 1). Resorcinol exhibits no effect on this enzyme, indicating that the pentade‐
ca(en)yl tail portion seemed an essential element in eliciting the inhibitory activity. The
available information now demonstrates that lipoxygenase inhibitors can be designed when
appropriate head portions are selected. 5-Pentadeca(en)yl salicylic acids, commonly known
as anacardic acids, were previously reported to inhibit the linoleic acid (30) peroxidation cat‐
alyzed by soybean lipoxygenase-1 [11, 12]. This inhibition comes from chelating the iron of
the active site of the enzyme but not by reducing the ferric form of the enzyme to an inactive
ferrous form. In our structure and activity relationships (SAR) studies with lipoxygenase in‐
hibitors, lipoxygenase inhibitors can be designed mainly by selecting appropriate head por‐
tions (See chemical structures, Fig. 2). Based on this concept, the experiment has been
extended to search for lipioxygenase inhibitors acting both by chelating the iron of the active
site of the enzyme and by reducing the ferric form of the enzyme to an inactive ferrous form.
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Figure 1. Commercial lipoxygenase contains a non-hemeferrous ion (Ered) that must be oxidized to yield the catalyti‐
cally active ferric enzyme (Eoxy) and therefore a catalytic amount of LOOH (13-HPOD, 27) is usually added as a cofactor
to LH (linoleic acid, a substrate, 30).

2. Results

To begin with, ethylenediaminetetraacetic acid (EDTA, 28), a well known chelate agent was
tested butit did not show any lipoxygenase inhibitory activity, indicating that the chelation
ability alone is not enough in eliciting the inhibitory activity. For example, it appears that
hydrophilic ligands with a longer alkyl chain length tend to be more potent inhibitors. The
molecular lipophilicity has a critical impact on the ability of this class of chelator to inhibit
lipoxygenase. Nordihydroguaiuretic acid (NDGA, 26) is known to inhibit lipoxygenase by
reducing the ferric form of the enzyme to an inactive ferrous form but not by chelating the
iron of the active site of the enzyme. Hence, various phenolic acids were first tested for their
radical scavenging activity using 1,1-diphenyl-2-picrylhydrazyl (DPPH, 29). This activity
can be measured as decolorizing activity following the trapping of the unpaired electron of
DPPH. In general, DPPH radical scavenging activity does not take into account the reaction
time, and hence, the activity was first observed to be 20 min and then extended to 24 h for
comparison. In preliminary experiments, their hexyl, nonyl and dodecyl (lauryl) esters were
tested to see if the alkyl group affects scavenging activity. All the esters tested regardless of
their alkyl chain length, scavenged six molecules of DPPH. In addition, one molecule of al‐
kyl protocatechuates, regardless of their alkyl chain length, scavenges six molecules of
DPPH radical and the alkyl chain length is not associated with the scavenging activity.
Thus, alkyl protocatechuatesare oxidized three times by DPPH within 20 min. The scaveng‐
ing activity does not correlate with the hydrophobic alkyl chain length. This is consistent
with the previous report with alkyl gallates [13, 14]. Hence, all the alkyl protocatechuates
can be used as scavenging antioxidants and selection of the tail portion is flexible. Alkyl pro‐
tocatechuates can be expected to inhibit lipoxygenase by chelating the iron of the active site
of theenzyme and by reducing the ferric form of the enzyme to an inactive ferrous form.
Both 2,3-dihydroxybenzoic acid (24) and 2,5-dihydroxybenzoic acid (25) are known to scav‐
enge DPPH [15]. In addition to their hexyl, nonyl and dodecyl esters, the same esters of 3,4-
dihydroxyphenyl alkanoates and 2,3-dihydroxyphenyl alkanoates were synthesized and
tested for their effect on DPPH. All the esters tested, regardless of their alkyl chain length,
were found to scavenge DPPH radicals. In a preliminary test, a series of alkyl 2,3-dihydroxy‐
benzoates and 3,4-dihydroxybenzoates also scavenge DPPH.In addition, 2,3- and 3,4-dihy‐
droxybenzoic acids(24 and 23) were previously reported to interact with Fe(II) and inhibit
iron-induced oxidative DNA damage [16].
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A homologous series of alkyl (C1-C20) protocatechuates (3,4-dihydroxybenzoates) and their re‐
lated derivatives were previously synthesized by one-step esterification utilizing DCC (N,N'-
dicyclohexylcarbodiimide)  as  an  activating  agent  [17].  The  head  and  tail  structures  are
synthetically easily accessible as esters and therefore the construction of a wide range of struc‐
turally diverse multifunctional mimics are available for evaluation. Thus, there are unlimited
choices from common natural products for both head and tail portions. In contrast to their
DPPH scavenging activity, the lipoxygenase inhibitory activity of alkyl protocatechuates was
found to correlate with their alkyl chain lengths and require a certain head portion. This indi‐
cates that lipoxygenase inhibitors can be designed when appropriate head portions are selected.

The synthesized alkyl protocatechuates (Fig. 2)were tested for their effects on the soybean
lipoxygenase-1 catalyzed oxidation of linoleic acid (30). Results are listed in Table 1. It ap‐
pears that the inhibitory activity of alkyl protocatechuates was a parabolic function of their
lipophilicity and maximized with alkyl chain lengths between C12 and C14. Among the com‐
pounds tested, tetradecanyl (C14) protocatechuate (8) showed the most potent inhibition
with the concentration leading to 50% activity loss (IC50)of 0.05µM, followed by dodecyl
(C12) protocatechuate (7) with an IC50 of 0.06µM. On the other hand, their parent com‐
pounds, protocatechuic acid did not show any activity up to 200 µM, indicating that the al‐
kyl chain was an essential element in eliciting the inhibitory activity. It thus appears that
hydrophilic ligands with a longer alkyl chain length up to C16 tend to be the more potent
inhibitors. Since their head portions are the same, the data are interpreted to mean that
changes in the hydrophobic tail portions correlated to the activity. Apparently a small
change in chemical structure affects activity to a large extent.

Compounds IC50 (µM) Inhibition Type Ki (µM)

1 (C3) 39.4 Competitive 19.7

2 (C6) 2.3 Competitive 0.98

3 (C8) 0.55 Competitive 0.23

4 (C9) 0.25 – –

5 (C10) 0.15 – –

6 (C11) 0.09 – –

7 (C12) 0.06 Slow-binding –

8 (C14) 0.05 – –

9 (C16) 0.31 – –

10 (C18) 0.42 – –

11 (Geranyl) 0.32 – –

12 (Decahydro-2-naphthyl) 0.1 Slow-binding –

13 (Bornyl) 0.09 – –

14 >100 – –

- Not tested.

Table 1. IC50andKi values and inhibition type of alkyl protocatechuates against soybean lipoxygenase-1
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The inhibitory activity of soybean lipoxygenase-1 was measured by two methods for compar‐
ison, because this enzyme seems to be sensitive to assay conditions. In the current study, lino‐
leic  acid (30)  was used as a substrate.  Soybean lipoxygenase-1 is  known to catalyze the
dioxygenation of the (1Z, 4Z)-pentadiene moiety of linoleic acid (30). In plants, the primary di‐
oxygenation  product  is  13(S)-hydroperoxy-9Z,11E-octadienoic  acid  (13-HPOD,  27)  [18].
Hence, the enzyme assay was usually performed using a UV spectrophotometer to detect the
increase at 234 nm associated with the (2Z, 4E)-conjugated double bonds newly formed in the
product but not in the substrate. In previous reports, the data were obtained at pH 9 since soy‐
bean lipoxygenase-1 has its optimum activity at pH 9.0 [19], but the absorption at 234 nm suf‐
fered from unstable baseline activity of unknown origin attributable to the presence of the
linoleic acid (30) substrate. This pseudoactivity of the blank control had to be substracted from
activity of the enzyme assay, making precise measurements difficult. Moreover, this basic pH
value may not be practical to use for food protection. Since the stable data were obtained at pH
8.0, the evaluation was performed at pH 8.0 [20]. This was also compared with that of NADG
(26) used as a reference compound. Its IC50 was obtained as 82 µM when the experiment was
performed at pH 9.0 but 0.2 µM at pH 8.0. As a result, octyl protocatechuate(3,4-dihydroxyben‐
zoate) (3) showed a dose-dependent inhibitory effect on this oxidation as shown in Figure 3. As
the concentration of octyl protocatechuate (3) increased, the enzyme activity was rapidly de‐
creased with eventual complete suppression. The inhibitory concentration leading to 50% ac‐
tivity loss(IC50) was estimated to be 0.55 µM. As the need arises, the assay was also monitored
by using polarography (oxygen consumption) for comparison. The IC50 of octyl protocatechu‐
ate (3) obtained was 1.53 µM, which is almost comparable with that measured by the spectro‐
photometric method. The difference of IC50values of these methods is due to a Km for linoleic
acid (30) almost 3-fold larger than using the oxygen monitor. This is in good agreement with
previously reported observations [20, 21].

Figure 3. Lineweaver-Burk plots of 13-HPOD (27) generation by soybean lipoxygenase-1 in the presence of octyl pro‐
tocathechuate (3) at 25 ºC, pH 8.0. Concentrations of octyl protocathechuate (3) for curves 0-4 were 0, 0.1, 0.2, 0.4,
and 0.6 µM, respectively.
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Subsequently, the inhibition kinetics of soybean lipoxygenase-1 by octyl protocatechuate (3)
was investigated as the representative molecule. The kinetic behavior of soybean lipoxyge‐
nase-1 during the oxidation of linoleic acid (30) was studied first. Under the conditions em‐
ployed in the present investigation, the oxidation of linoleic acid (30) catalyzed by soybean
lipoxygenase-1 follows Michaelis−Menten kinetics. The kinetic parameters for this oxidase
obtained from a Lineweaver−Burk plot show that Km is equal to 20.9µM and Vmax is equal to
6.5µmol/min. The estimated value of Km obtained with a spectrophotometric method is in
good agreement with the previously reported value (20, 21). As illustrated in Figure 3, the
inhibition kinetics analyzed by Lineweaver−Burk plots show that octyl protocatechuate (3) is
a competitive inhibitor because increasing octyl protocatechuate (3) resulted in a family of
lines with a common intercept on the 1/v axis but with different slopes. This may suggest
that octyl protocatechuate (3) displaces linoleic acid (30) from the enzymatic site of oxida‐
tion. The equilibrium constant for inhibitor binding, KI, was obtained from a plot of the ap‐
parent Michaelis−Menten constant versus the concentration of octyl protocatechuate (3),
which is linear.

Figure 4. Time-dependent inhibition of soybean lipoxygenase-1 in the presence of dodecyl protocathechuate (7). (A)
Conditions were as follows: 40 µM linoleic acid (30), 1.3 nM lipoxygenase-1, and concentrations of dodecyl protoca‐
thechuate (7) for curves 0-7 were 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, and 0.6 µM, respectively. The kobs values at each
inhibitor concentration were determined. (B) Dependence of the values for kobs on the concentration of dodecyl proto‐
cathechuate (7). The kobs values, determined on panel A

To investigate the inhibitory effect of dodecyl protocatechuate (7) on dioxygenase enzyme, we
assayed soybean lipoxygenase-1 activity with the inhibitor. Soybean lipoxygenase-1 showed
time-dependent inhibition in the presence of dodecyl protocatechuate (7) (Figure 4, panel A).
Increasing dodecyl protocatechuate (7) concentrations led to the decrease in both the initial ve‐
locity (vi) and the steady-state rate (vs) in the progress curve. The progress curves obtained us‐
ing various concentrations of the inhibitors were fitted to eq 1 to determine vi, vs, and kobs.

0( )[1 exp( ) /    ] obs i s obssA v t v v k Ak t= + - +- - (1)
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The plot for kobs versus [I] are shown in panel B in Figure 4. That plot showed a hyperbolic de‐
pendence on the concentration of the dodecyl protocatechuate (7), so the inhibition of lipoxy‐
genase-1  by  dodecyl  protocatechuate  (7)  followed mechanism A (Figure  5).  The  kinetic
parameters, k5, k6, and Ki

app were derived from the plots by fitting the results to following eq 2.

6 5 [ ] /  ])      [    (  (  ) [app
obs ik k k I K I= + ´ + (2)

Thus, analysis of data yielded the following values: k5 = 9.8x10-3 s-1, k6 = 1.5x10-3 s-1, Ki
app =

0.23µM.The kinetic model can be written as:

E  +  S             ES            E + P
+
I

k1

k2

kcat

k3k4

k5k6

(A)

EI

E*I

Figure 5. The kinetic model of mechanism A

where E, S, I, and P denote enzyme, substrate, inhibitor (dodecyl protocatechuate) (7) and
product (13-HPOD, 27), respectively. ES and EI are respective complexes. Because k5 is
greater than k6 the enzyme first quickly and reversibly binds with dodecyl protocatechuate
(7) and then undergoes a slow interaction of dodecyl group with the hydrophobic portion
near the active site. In the case of octyl protocatechuate (3) [14], conversely k6 is greater than
k5, and hence, it was observed as a competitive inhibitor. The effect of dodecyl protocatechu‐
ate (7) on the soybean lipoxygenase-1 catalyzed oxidation of linoleic acid (30) is similar to
octyl protocatechuate (3) in many aspects but different to some extents.

Subsequently, the progress curves of 13-HPOD (27) generation show thatdecahydro-2-naph‐
thylprotocatechuate (12) also inhibited soybean lipoxygenase-1 by slow-binding inhibition
mechanism A (Figure 5). The kobs values for the decahydro-2-napthyl protocatechuate (12)
inhibition of lipoxygenase-1 at different concentrations of decahydro-2-napthyl protocatech‐
uate (12) were determined by fitting data to the slow-binding equation (eq1). The kobs values
were plotted as a function ofdecahydro-2-napthyl protocatechuate (12) concentration. The
results indicated that decahydro-2-napthyl protocatechuate (12) inhibits soybean lipoxyge‐
nase-1 by slow enzyme isomerization. This was evidenced by the observation that the kobs

values exhibited a hyperbolic dependence on the inhibitor concentration as shown in Figure

Molecular Design of Soybean Lipoxygenase Inhibitors Based on Natural Products
http://dx.doi.org/10.5772/52703

189



6B. Thus, analysis of data according to eq2 yielded the following values: k5 = 8.8x10-3 s-1, k6 =
1.7x10-3 s-1, Ki

app = 0.12µM.

Figure 6. Time-dependent inhibition of soybean lipoxygenase-1 in the presence of decahydro-2-napthylprotoca‐
thechuate (12). Conditions were as follows: 40 µM linoleic acid, 1.3 nM lipoxygenase-1, and concentrations of decahy‐
dro-2-naphtyl protocathechuate for curves 0-8 were 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4, and 0.6 µM, respectively.
The kobs values at each inhibitor concentration were determined by fitting the data to eq1. (B) Dependence of the val‐
ues for kobs on the concentration of decahydro-2-naphtyl protocathechuate (12).

Soybean lipoxygenase-1 was used if dodecyl protocatechuate (7) inhibited the linoleic acid
(30) peroxidation by this enzyme. The result is shown in Figure 4. Dodecyl protocatechuate
(7) inhibited the linoleic acid (30) peroxidation 80% at 30 µg/mL (88.8 µM) and IC50 was es‐
tablished as 3.5 µg/mL (10.3 µM). Soybean lipoxygenase-1 inhibition mechanism of dodecyl
protocatechuate (7) first competes with the active site, and then the hydrophobic dodecyl
side chain interacts with the hydrophobic domain close to the active site in the enzyme. The
inhibition of the enzyme by dodecyl protocatechuate (7) is a reversible reaction without re‐
sidual activity. The hydrophobic interaction with the enzyme increases with increasing the
alkyl chain length. The results imply that the inhibitory activity of soybean lipoxygenase-1
increases with increasing the alkyl chain length.

Some lipoxygenases reduce the ferric form of the enzyme to an inactive ferrous form [9,10].
This enzyme reduction mechanism is directly measurable by electron spin reso‐
nance(ESR)and fluorescence and also is indirectly observable when the inhibitor-dependent
decrease in 13-HPOD (27) concentration, catalyzed by lipoxygenase-1, using the variation in
A234 nm. Nordihydroguaiuretic acid (NDGA, 26) is a well known soybean lipoxygenase-1 in‐
hibitor. It acts by reducing the catalytically active ferric enzyme to the catalytically inactive
ferrous enzyme [9]. As a result, Figure 7 demonstrates the fast decrease in A234, observed
with addition of NDGA (26) in the pseudoperoxidase activity assay system. However, do‐
decyl protocatechuate (7) did not have a significant difference between controls. It should be
noted that the inhibitor concentration used in this assay (10 µM) was 150-fold higher than
the IC50 value for the inhibition of the lipoxygenase reaction. These results indicate that do‐
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6B. Thus, analysis of data according to eq2 yielded the following values: k5 = 8.8x10-3 s-1, k6 =
1.7x10-3 s-1, Ki

app = 0.12µM.
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The kobs values at each inhibitor concentration were determined by fitting the data to eq1. (B) Dependence of the val‐
ues for kobs on the concentration of decahydro-2-naphtyl protocathechuate (12).
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decyl protocatechuate (7) did not convert the catalytically active ferric form to the inactive
ferrous form, despite the fact that dodecyl protocatechuate (7) inhibition potencies are with‐
in the range of those of reducing inhibitors.

Figure 7. Effects of NDGA (26) and dodecyl protpcatechuate (7) on soybean lipoxygenase-1 catalyzed consumption of
13-HPOD (27). The conditions of incubation were 0 (1), 10 µM dodecyl protocatechuate (2), and 10 µM NDGA (3) with
13-HPOD (15 µM, 27) at 25ºC in Tris-HCl buffer, pH 8.0. Dodecyl protocatechuate (7) did not reduce the catalytically
active ferric form to the inactive ferrous form.

Since the head portion of alkyl protocatechuates is the same, the data are interpreted to
mean that changes in the hydrophobic tail portions correlate and are responsible for this
specific activity. As far as protocatechuic acid (23) is concerned, it remains the head portion.
Their lipoxygenase inhibitory activity can be designed by selecting a side chain length to
give the appropriate partition coefficient (log P) as a standard and the maximum activity
was observed to be around 6. However, it should be noted that other factors are also possi‐
bly associated with the activity. For example, the introduction of branching or unsaturation
into the hydrophobic moiety is known to increase the solubility of the molecules in water
and consequently may be associated with the activity [23]. Since geranyl protocatechuate
(11), decahydro-2-naphthyl protocatechuate (12) and bornylprotocatechuate (13) showed po‐
tent inhibitory activity, the hydrophobic portion can be flexible. In brief, the hydrophilic
head moiety requires a certain specific structural feature but the hydrophobic tail portion is
flexible. As mentioned earlier, the head and tail structures are synthetically easily accessible
as esters and therefore the design of a wide range of structurally diverse lipoxygenase inhib‐
itors can be available for evaluation. Thus, there are unlimited choices from common natural
products for both head and tail portions. The target molecules can be designed using their
log P values as a standard. Based on this concept, bornylprotocatechuate (13) was synthe‐
sized by connecting two common natural products, protocatechuic acid (23) and borneol, as
an example. Thus, bornylprotocatechuate (13) inhibited the lipoxygenase-catalyzed peroxi‐
dation of linolenic acid (30) with an IC50 of 0.09 µM.

Based on the head and tail concept, octylgallate(3,4,5-trihydroxybenzoate) (31) [13] and do‐
decyl gallate (16) [14] were found to be potent lipoxygenase inhibitors. Since alkyl gallates
are known to have iron binding properties, their galloyl moiety initially and rapidly binds
with the active site as a chelator and then the alkyl group undergoes a slow interaction with
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the hydrophobic environment. The same head and tail concept has been extended to evalu‐
ate octylprotocatechuate (3) and dodecyl protocatechuate (7), and both were found to show
even slightly more potent inhibitory activity than that of the corresponding alkyl gallates.
On the other hand, dodecyl 3,5-dihydroxybenzoate (17) which does not have an ability to
chelate ironwas alsoevaluated for comparison. This resorcinol derivative was also found to
inhibitthe enzymatic linoleic acid (30) peroxidation, but to a much lesser extent compared to
dodecyl gallate (16) or dodecyl protocatechuate (7). It appears that the activity of dodecyl
gallate (16), which has the ability to chelate iron, is conspicuously potent. Compared to an
acardic acid (C15:0) (15), dodecylgallate (16) is nearly 200-fold more potent (Table 2). In the
case of alky gallates, the hydrophilic ligands with a longer alkyl side chain of up to C14 in
length tend to be the more potent inhibitors [14]. Since their hydrophilic head portions are
the same, the data are consequently interpreted to mean that changes in the hydrophobic
tail portions correlated to the activity.On the one hand, dodecyl 3,4-dihydroxy-5-methoxy‐
benzoate (18) still exhibited this inhibitory activity but to a much lesser extent compared to
that of dodecyl gallate (16). This noticeable inferior activity can be explained by a steric hin‐
drance to its approach to the active site in the enzyme, but dodecyl gallate (16) still reduces
the ferric form of the enzyme to an inactive ferrous form. It would thus seem that a relative‐
ly small change in chemical structure of these molecules affects their biological activity to a
large extent. The activity of alkyl 3,4-dihydroxybenzoates was compared with those of alkyl
2,3-dihydroxybenzoates, and thus the differences should be due to imply the hydrophilic
head portions. Noticeably, dodecyl protocatechuate (7) showed potent lipoxygenase inhibi‐
tory activity with an IC50 value of 0.06 µM, whereas 3,4-dihydroxyphenyltridecanoate (32)
also exhibited the inhibitory activity but to a much lesser extent. In these catechol (35) struc‐
tures, the head and tail portions are connected as esters, either -COOR or -OCOR. Thus, the
ester groups, either an electron withdrawing (-COOR) or an electron donating (-OCOR),
were connected at the C-5 position to the catechol (35) moiety. The results obtained indicate
that –COO Resters exhibited more potent inhibitory activity compared to the corresponding
-OCOR esters, although the reason for this still remains obscure.

Compounds Tested IC50 (μM)

Anacardic acid (C15:0) (15)

Dodecyl 3,4,5-trihydroxybenzoate (16)

Dodecyl 3,5-dihydroxybenzoate (17)

Dodecyl 3,4-dihydroxy-5-methoxybenzoate (18)

Dodecyl 3,4-dihydroxycinnamate (19)

Dodecyl 4-hydroxybenzoate (20)

Dodecyl 3-hydroxybenzoate (21)

14.3

0.07

60.3

10.5

3.3

200

200

Table 2. Lipoxygenase-1 inhibitory related activity of selected compounds

The data obtained so far indicates that alkyl 3,4-dihydroxybenzoates can be expected as su‐
perior as lipoxygenase inhibitors similar to the alkyl 3,4,5-trihydroxybenzoates. It should be
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ester groups, either an electron withdrawing (-COOR) or an electron donating (-OCOR),
were connected at the C-5 position to the catechol (35) moiety. The results obtained indicate
that –COO Resters exhibited more potent inhibitory activity compared to the corresponding
-OCOR esters, although the reason for this still remains obscure.

Compounds Tested IC50 (μM)

Anacardic acid (C15:0) (15)

Dodecyl 3,4,5-trihydroxybenzoate (16)

Dodecyl 3,5-dihydroxybenzoate (17)

Dodecyl 3,4-dihydroxy-5-methoxybenzoate (18)

Dodecyl 3,4-dihydroxycinnamate (19)

Dodecyl 4-hydroxybenzoate (20)

Dodecyl 3-hydroxybenzoate (21)

14.3

0.07

60.3

10.5

3.3

200

200

Table 2. Lipoxygenase-1 inhibitory related activity of selected compounds

The data obtained so far indicates that alkyl 3,4-dihydroxybenzoates can be expected as su‐
perior as lipoxygenase inhibitors similar to the alkyl 3,4,5-trihydroxybenzoates. It should be
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noted, however, that alkyl 3,4,5-trihydroxybenzoates were oxidized in part in basic condi‐
tion. The lipoxygenase assay was performed using a UV spectrophotometer to detect the in‐
crease at 234 nm associated with the (2Z, 4E)-conjugated double bonds newly formed in the
product but not the substrate. In previous reports, the data were obtained at pH 9 since soy‐
bean lipoxygenase-1 had its optimum pH at 9.0 [19]. Alkyl 3,4,5-trihydroxybenzoates were
oxidized in part at pH 9 and therefore their data, obtained with the lipoxygenase inhibi‐
tion,may not be their effects. Pyrogallol (1,2,3-benzentriol, 33) was previously described to
react with dioxygen in weakly alkaline solution to form purpurogallin (2,3,4,6-tetrahy‐
droxy-5H-benzocycloheptene-5-one, 34) [24]. Notably, alkyl gallates were oxidized in part at
pH 9 but alkyl protocatechuates were not.

The data obtained so far indicates that alkyl 3,4-dihydroxybenzoates can be expected as su‐
perior as lipoxygenase inhibitors similar to the alkyl 3,4,5-trihydroxybenzoates. It should be
noted, however, that alkyl 3,4,5-trihydroxybenzoates were oxidized in part in basic condi‐
tion. The lipoxygenase assay was performed using a UV spectrophotometer to detect the in‐
crease at 234 nm associated with the (2Z, 4E)-conjugated double bonds newly formed in the
product but not the substrate. In previous reports, the data were obtained at pH 9 since soy‐
bean lipoxygenase-1 had its optimum pH at 9.0 [19]. Alkyl 3,4,5-trihydroxybenzoates were
oxidized in part at pH 9 and therefore their data obtained with the lipoxygenase inhibition
may not be their effects. The data obtained so far indicates that alkyl 3,4-dihydroxyben‐
zoates can be expected as superiorlipoxygenase inhibitors. Hence, a series of alkyl 3,4-dihy‐
droxybenzoates was assayed in detail for their effects on the linoleic acid (30) peroxidation
catalysed by the soybean lipoxygenase-1.

In contrast to their DPPH scavenging activity, the lipoxygenase inhibitory activity of alkyl
protocatechuates was found to correlate with their alkyl chain lengths and require a certain
head portion. This indicates that lipoxygenase inhibitors can be designed when appropriate
head portions are selected. For example, dodecyl 3,5-dihydroxybenzoate (17) exhibited any
lipoxygenase inhibitory activity up to 200 µg/mL.

3. Discussion

Alkyl protocatechuate antioxidants may act in a variety of ways including direct quenching
of reactive oxygen species, inhibition of enzymes involved in the production of the reactive
oxygen species, and chelation of low valent metal ions such as Fe2+, Fe3+ or Cu2+. In connec‐
tion with this, both pyrogallol (33) and catechol (35) groups have iron binding properties in
vitro. Alkyl gallates and protocatechuates may suppress the superoxide- driven Fenton reac‐
tion, which is currently believed to be the most important route to active oxygen species
[25]. More specifically, alkyl gallates and protocatechuates may prevent cell damage in‐
duced by H2O2 since this can be converted to the more reactive oxygen species, hydroxy rad‐
icals, in the presence of these metal ions. Thus, metal chelation may play a large role in
determining the antioxidant activity [26]. Interestingly, the inhibition of iron absorption in
vivo has been positively correlated with the presence of galloyl groups but not catechol (35)
groups [27].
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Alkyl  protocatechuates  act  as  both  lipoxygenase  inhibitors  and  scavengers.  Safety  is  a
primary consideration for antioxidants in food products. After ingestion, the alkyl proto‐
catechuates are likely hydrolyzed,  at  least  in part,  to  protocatechuic  acid and the corre‐
sponding  alcohols  that  are  common  in  edible  plants.  For  example,  pecan  nuts  contain
protocatechuic  acid  as  a  one  of  predominant  phenolic  acids  [28].  If  alkyl  protocatechu‐
ates can reach the sites where antioxidants are needed, a more lipophilic alkyl side chain
may partition into lipophilic membranes of cells and organelles, where it presumably ex‐
erts  its  antioxidant  activity,  similar  to  the  phytyl  chain  in  tocopherols  and  tocotrienols
[29]. The site of antioxidant location is known to be important, however, it is not clear if
alkyl protocatechuates can reach, without being metabolized, the sites where antioxidants
are needed for protection from oxidative damages. It should be noted, however, that the
role of alkyl protocatechuates in the human body is unknown when orally ingested. It is
not  clear  if  alkyl  protocatechuates  are  absorbed  into  the  system  through  the  intestinal
tract and delivered to the places where lipoxygenase inhibitors are needed without being
metabolized.

4. Materials and methods

Chemicals. A series of alkyl protocatechuates was available from our previous study [17].

Enzyme Assay. The assay was performed as previously reported [11]. The soybean lipox‐
ygenase  1  (EC  1.13.11.12,  Type  I)  used  for  the  bioassay  was  purchased  from  Sigma
Chemical  Co.  Linoleic acid (30)  was used as a substrate.  The reaction mixture consisted
of 1.2  mM linoleic  acid (30),  60 mM phosphate buffer  (pH 7.0)  and different  concentra‐
tions of sample. At zero time, the enzyme solution (100 units) was added to the reaction
mixture. The lipoxygenase activity was measured polarographically with an oxygen elec‐
trode(YSI 53,  Yellow Springs Instrument Co.,  Yellow Springs,  OH) at  25 °C.  Calibration
of a Clark-type oxygen electrode was performed by using 4-tert-butylcatechol.The native
enzyme is quite capable of producing 13-HPOD (27) directly from linoleic acid (30) with‐
out any prior activation.
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1. Introduction

Soybean (Glycine max (L.) Merril) is one the of the main sources of protein and vegetable oil
of the world being grown commercially and used in animal and human feed for hundreds
of years. Originally from Asia where the soybean was considered as sacred grain, next to
rice, wheat, barley, millet to be essential to the stability of Chinese civilization.

According to EMBRAPA SOJA (2008) soybean is the main oleaginous grain cultivated in the
world. In 2006/07 it contributed about 60% of the total 385 million tons of grain produced
globally by major oil seeds (soybean, sunflower, canola, peanut, cotton and castor). Accord‐
ing to Dall'agnoll and Hirakuri (2008) the high rates of increase in soybean world wide pro‐
duction (more than five million tons/year in the period 1970 to 2007) should continue due to
the growth of the global population (70 million/year) and to the change in food consumption
habits of the population.

On the other hand, the intense search for alternative sources of energy also stimulates con‐
sumption of soybean oil as a fuel. Thus, in the future soybean may also become a major en‐
ergy crop. Although use rates are not increasing as much as for oil, demand for soybean as a
livestock meal is also increasing. Since the early 1980sthe total consumption of soybean
mealon a worldwide basishas grown about three times from the original 127.2 million tons.
The expansion of income, especially in Asia, with the effect on the consumption of meats,
especially poultryands wine, was the driver for the robust growth rate of soybean for the
animal feed industry (Pinazza, 2007). Also according to Pinazza (2007), the long-term projec‐
tions for soybeansin a global context shows that the total demand for soybeansis expected to
grow around 3% in the next ten years. The crushing world will grow from the current level
of 174.8 million tons to253.9 million tons.
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Projections to 2015 indicate that from a world production of 71.5 million tons of soybeans,
66.4 million tons comes from the exporting countries Brazil, Argentina and the USA with 4.9
million from other countries. According to the Baseline Projections of the USDA, world GDP
will continue growing at an annual average rate of 3.2%. At the same time the world popu‐
lation is expected to grow in the same period at an annual rate of 1.1%, to 6.87 billion people
in 2015.

Soybean has enormous economical significance due to its high food value and its role in the
vegetable oil industry as well in bio-diesel production. Leguminous plants are sources of
various industrial enzymes, protein, fiber and unsaturated fat, and rich in vitamins and min‐
erals, a nutritious meal with high food value. It has been explored worldwide for its inclu‐
sion in a variety of foods and is also an important constituent for animal feed. It is the source
of various enzymes, particularly important in seed imbibitions and germination. Many of
these enzymes have industrial significance and due to their plant origin are more acceptable,
particularly by the food industry (Dwevedi and Kayastha, 2011).

According to FAPRI (2009), estimates for soybean grain indicate a Brazilian production of
86.5 million tons in 2020/2021. Soybean is expected to expand through a combination of ini‐
tiating production in new areas where land is available and the substitution of soybean for
crop land that is already in pasture land or other crops. The annual growth rate for soybean
production land is expected to be 2.3% from now until 2020/2021 (Figure 1). This rate is close
to the global rate for the next ten years, estimated by FAPRI (2009) at 2.30% per year. Do‐
mestic consumption of soybeans is expected to reach 45.6 million tons by 2020/2021, which
represent 52.7% of Brazil’s production. Consumption is projected to grow at an annual rate
of 1.9%.

Figure 1. Production, exportation and consumption of soybean from Brazil (Source: Brasil Projeções do Agronegócio
2010/2021 – Ministério da Agricultura Pecuária e Abastecimento).
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Considering plant breeding technology the productive potential of a cultivar is obtained on‐
ly if the culture is under optimal environmental conditions. However, in natural conditions
for farming, a number of biotic and non biotic factors acting individually or interactively
may prevent optimum conditions from occurring. Therefore, soybean can be exposed to
many different stresses. To avoid reductions in crop yields it is essential to use management
practices ranging from the choice of the variety best suited to your region, the proper man‐
agement of soil and crops, rationalizing the use of lime, fertilizer and pesticides, to knowl‐
edge and use of market information that will allow you to maximize profits in the marketing
of the crop.

Brazilian agriculture has shown a very high performance from 1995 to 2011 and is consid‐
ered the largest worldwide exporter of soybeans. It accounts for 39% of the total grain sold
in the world. Brazil has potential to increase soybean production by conversion of up to 50
million hectares of degraded pasture land. Thus, biofuel production can be expanded with‐
out affecting either food production or the rainforest areas. Soybean is an ideal crop to re‐
store fertility to degraded pastures in an integrated agriculture and livestock system due to
the capacity to fix nitrogen from the air using bacteria in the root nodules.

Brazilian territory is located between the latitudes of 5º N and 33º S and consequently 93% of
the country is located in the southern hemisphere. This region has a large variety of climates
favorable to agricultural development that can be affected by global warming. A study done
by Pinto et all, 2005 and 2008, based on the IPCC (2001, 2007) estimated that climate change
would reduce the Brazilian soybean production area by 23% until 2020 unless measures
were taken to develop adaptable varieties that are tolerant to drought and heat stress. The
objective of this study is to predict the effects of climate change on the soybean industry of
Brazil. The study follows the methodology used by the Ministries of Agriculture and Agrari‐
an Development to outline production risks in different climatic zones of Brazil. Climatic
risk zoning in the country is a public policy for farmers and establishes climatic risk levels
for the different regions indicating optimal crops and planting dates for given locations.

Climatic risk zoning was determined for the period from 2030 through 2040. Based on cli‐
matic scenarios for given regions it was determined that in order to reduce crop risk, two
main research areas needed to be addressed: adaptation of varieties through plant breeding
research and improvement of the management system through new technologies in the
field. The strategy is to develop plants adapted to high temperatures and water deficit. Cost
estimates for the research project were based on an average period of 8-12 years for breeding
and release of improved cultivars. The average total investment for the development of each
cultivar was designed around US$ 5 million or an average cost of 1 million Reais a year (1
US$ = 2 Reais)

Assad et  al.  (2007a)  stated that  for  soybean production at  higher  elevations,  the  size  of
low climatic  risk areas will  decrease as  the mean temperatures and rainfall  increase for
the main planting period. In Brazil, the total area with soybean cultivations in 2010/2011
was 24,2 million hectares with a total  potential  for future production of  86 million tons
in  2020,  without  considering  any  climate  change  (CONAB,  2011).  The  biggest  soybean
production area in Brazil is the municipality of Sorriso, in Mato Grasso State, located in
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the  Midwest  region.  A description of  current  areas  suitable  and unsuitable  for  soybean
production is given in Figure 2.

In Brazil, soybean is the crop that will probably suffer most from global warming. Accord‐
ing to studies by Pinto et al. (2008), this will create a different geographic distribution for the
crop (Fig. 3), if current varieties and cultural practices are not changed. Financial losses from
a reduction in production area could reach R$7 billion/year by 2070.

Figure 2. Geographical Distribution of soybean in Brazil (Source Pinto et al., 2008) showing the actual areas where the
grain is already cultivated with low risk due to soil and climate conditions (blue), suitable but with no crop cultivation
(green), unsuitable due to drought (red), not indicated by the risk zoning, but with soybean cultivation with low pro‐
ductivity (yellow) and not allowed due to permanent protection regions (brown).

By 2070 the low risk area for cultivation in Brazil is set to be 60% lower than that of today
due to the decreased rainfall and the likelihood of more intense short summer droughts. The
South of Brazil and the North-eastern Cerrado region will be affected more severely. The
crop that currently has the highest production value in Brazilian agriculture – US$17 billion
(according to 2010 data) and is also the country’s main agricultural export product, may suf‐
fer a R$ 3.9 billion to R$ 4.3 billion annual loss by 2020 (in scenarios IPCC A2 and B2, respec‐
tively) caused by reduction in the low risk area of 21.62% and 23.59% for A2 and B2
scenarios, respectively. In 2050 the loss may increase to somewhere between R$ 5.47 billion
(B2) and R$ 6.3 billion (A2), reflecting a reduction in low risk area of 29.6% to 34.1% com‐
pared with the 2010 production area. For 2070 in the more optimistic outlook the loss will be
R$ 6.4 billion (- 34.86% of suitable land) and in the worst case scenario it will stand at R$ 7.6
billion (-41.39%).
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Figure 3. The geographical distribution of soybean in Brazil in 2050 and 2070 for the optimistic and pessimistic sce‐
narios - B2 and A2 (Adapted from Pinto et al., 2008).

Despite the high vulnerability to climatic change detected in this study, agriculture has a
great capacity of adaptation to new climatic conditions, depending on the technology availa‐
ble to deal with the problems. Assad et al. (2007b) highlighted the factors required for the
adaptation of the main Brazilian crops: heat tolerance for the whole country, drought toler‐
ance for the Southern and Northern regions and soil management to increase water conser‐
vation capacity. The biodiversity of the Cerrados and Amazon regions may contain genes
that facilitate the adaptation of present crops to environmental stress and tolerate drought
and heat. The substitution of crops or the use of more resistant varieties or species may be
another method of adapting agriculture to climatic changes. Papers issued by Pinto et al.
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(2005, 2007, 2008), Zullo et al. (2006) and Assad et al. (2004) indicate that the higher elevation
regions with colder and milder climate may become low climate risk areas for most part of
crop production as temperatures increase with global warming.

According to Pinto and Assad (2008) the worst prediction for soybean in 2020, considering
the climate scenario A2 made by the IPCC (2001) showed a 24% reduction in the low risk
area for soybean cultivation in Brazil. A more recent study (Pinto and Assad, 2012) using a
combination of 23 Global Climate Models (GCMs) indicated by AR4 WGI Report IPCC
(2007) and three Regional Climate Models (RCMs) - PRECIS (Jones et al. 2004), ETA (Pisni‐
chenko and Tarasova 2009) and BRAMS (Freitas et al. 2009) showed a decrease in the low
risk area of the country also of 24% in the pessimistic scenario and of 13% in the optimistic
one. The Brazilian government estimates a production of 86 million tons of soybean in 2020
without taking into account the reduction of low risk areas due to climate change. In this
case, close to 20 million tons will be lost if the temperature continues to increase, or, in other
words, at actual prices of US $500/ton, Brazil will lose close to US$ 10 billion/year.

However, at the same time, scientists are developing new soybean genotypes and cultivars
which are more tolerant to high temperatures and droughts. The studies are at an advanced
stage, but it should be underlined that, even if they result in more resistant plants, there is a
limit to how far genetic improvement can go. The alterations are capable of handling the
problem with up to a 2°C temperature rise. Above that mark, the plants begin to have diffi‐
culties in photosynthesizing, demanding the adoption of other measures. One alternative to
this limitation could be the so-called second generation crops of Genetically Modified Or‐
ganism (GMO).Instead of just being herbicide-tolerant or pest-resistant, these would be
more suited to severe environmental conditions.

This proposal aims to find out plants that are naturally more tolerant for high temperatures
and water shortages and use their genes to produce more resistant farm crops. Embrapa
Cerrados is analyzing typical species of the biome which are more adapted to the character‐
istic variations in temperature and rainfall in the region.

The researchers have already identified five plants (broadleaf pauterra, small-leaf pau-terra,
pacari, faveiro and sucupirapreta) which occur in over 80% of the biome, suggesting a high
adaptive capacity. The next step is to isolate the genes which give them these characteristics.
Similar studies are also being planned for the Caatinga region. The value of the biodiversity
of the two biomes is yet another argument for the prevention of its deforestation.

Plant breeding research developed by Embrapa Soja at Londrina, Parana has already
showed a prospective tolerant cultivar (Figure 4). Using the same water content in the soil
(2.5%) the modified cultivar shows a normal development when compared to a normal com‐
mercial soybean.

The general purpose of this study is to show the current potential of national agriculture to
mitigate some problems related to global warming and to adapt the soybean research pro‐
gram accordingly. The purpose is to aid researchers in avoiding the potential problems that
could occur as global warming continues to increase at its current pace.
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Figure 4. Gene expression drought-tolerance in soybeans (Source: Nepomuceno, A. L.-Embrapa Soja).

List of acronyms

BRAMS: Brazilian Developments on the Regional Atmospheric Modelling System)

CONAB: National Supply Company

EMBRAPA: Brazilian Agricultural Research Corporation

ETA: Greek Letter - Weather Forecast Model

FAPRI: Food and Agricultural Policy Research Institute

GCMs: Global Climate Models

GDP: Gross Domestic Product

GMO: Genetically Modified Organisms

IPCC: Intergovernmental Panel on Climate Change

PRECIS: Providing Regional Climates for Impacts Studies

RDMs: Regional Climate Models

WGI: Working Group I
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1. Introduction

Agriculture requires ~70% of the total fresh water resources [1]. Agricultural drought refers
to the shortage of precipitation that causes deficit in soil water and reduction of ground wa‐
ter or reservoir levels, which will hamper farming and crop production [2]. To assess the se‐
verity of agricultural drought, different indices based on various parameters have been
adopted. An expert meeting of the World Meteorological Organization was held in 2010 in
Geneva to discuss and categorize the recently in-use indices into 7 types (Table. 1) [3]. With
the establishment of networks under the cooperation of authorities at different administra‐
tive levels, one purpose is to develop monitoring tools and early warning systems for
droughts. Nevertheless, a universal agricultural index satisfying all common interests has
not yet arrived.

The effects of drought on soybean have been extensively reported, including morphological
changes of the vegetative plant and the reduction in seed quantity and quality. Methods for
assessing both quantitative and qualitative morphological parameters have been reported.

Tremendous efforts  have been placed on the  enhancement  of  drought  tolerance  of  soy‐
bean,  with  a  primary goal  of  enhancing yield  under  drought.  Traditional  breeding is  a
widely  accepted  strategy  which  will  combine  desirable  agronomic  traits  from  soybean
germplasms,  via  repeated  crossing  and  selection  processes.  The  recent  advances  in  ge‐
nomics, genetics, and molecular biology facilitate the identification of molecular markers
and  functional  genes  that  are  related  to  drought  tolerance  in  soybean.  Therefore,  the
ideas of enhancing drought tolerance by marker-assisted breeding and genetic modifica‐
tion have gained growing attention.
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Types of indices Examples Advantages

Precipitation-based Standardized Precipitation Index;

Days without Rainfall

Simple; required data can be easily accessed

Temperature-based Cold Spell Duration Index;

Warm Spell Duration Index

Straightforward monitoring of trends in the

frequency or intensity of events

Precipitation- and

temperature-based

Palmer Drought Severity Index;

Standardized Precipitation

Evapotranspiration Index

Simple to apply; more comprehensive

Precipitation, temperature,

and soil moisture/ soil

characteristics based

Relative Soil Moisture;

Accumulated Drought Index

Better understanding about the interaction

between crops and the environment during

drought; help determine the influence of drought

on the crop growth and yield

Temperature, relative

humidity, solar radiation,

wind speed, and soil

moisture/ soil characteristics

based

Aridity Anomaly Index;

Soil Moisture Anomaly and Relative

Soil Moisture Index

Fully consider both crop and soil water supply and

demand

Remote sensing-based Normalized Difference Vegetation

Index;

Temperature Condition Index

Required spectral data from instruments are easily

available for most parts of the world; can monitor

vegetation conditions

Composite Utilize and incorporate a consolidation

of indices into a comprehensive one

Comprehensive and flexible for monitoring

different types of drought in different places

Table 1. Types of commonly used drought indices.

In addition to the genetic improvement programs for soybean, agronomic practices aimed at
minimizing water input, reducing water loss, and increasing plant water usage efficiency
have also been developed to cope with the problem of water scarcity. Some of these can be
applied for soybean cultivation.

In this chapter, we will summarize the understandings of drought stress and drought toler‐
ance in soybean from available literatures. We have integrated information from traditional
breeding and agronomic measures to molecular aspects of this subject, and highlighted un‐
solved problems and possible strategies to tackle them.

2. Effects of drought on soybean production

Soybean is among the top 10 of the most widely grown crops, with a total production of
over 260 million tonnes in 2010 (FAO data). The cultivated area of soybean occupies more
than 100 million hectares worldwide, with about half in the U.S.A. and Brazil (FAO data).
Greenhouse and field studies showed that drought stress led to significant reduction in seed
yield (24~50%) from distinct locations and time [4, 5].
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Numerous efforts have been put to examine the effects of drought and irrigation at various
vegetative stages on soybean production. A 2-year field experiment by Brown et al (1985) on
4 determinate cultivars Davis, Lee 74, Sohoma and Centennial demonstrated that mositure
stress initiated at R2 or R4 reduced yield significantly [6].

An in-depth analysis of the effects of drought at various growth stages on seed yield of soy‐
bean cultivar Douglas was reported by Eck et al (1987) [7]. In their study, yield loss was the
most severe when drought stress was applied throughout the seed development period (R5-
R7), resulting in a reduction of 45% and 88% respectively in two consecutive years [7]. Besides,
Desclaux et al (2000) conducted a comprehensive analysis of yield components when drought
stress was applied to soybean cultivar Weber at different developmental stages [8]. In this ex‐
periment, the stress condition was attained by temporally withholding irrigation for 4 to 5
days until the plant available water reduced to 50% or 30% of the normal conditions. The major
findings showing various adverse effects of drought were summarized in Table 2. The most se‐
vere effect of this treatment was observed during the seed filling period [8].

On the other hand, Korte et al (1983) conducted a 3-year study on 8 soybean cultivars to as‐
sess yield enhancement by irrigation, using non-irrigated soybean plants as the control
group [9]. The experimental groups were irrigated at different developmental stages (one
stage or different stages in combination), including the flowering stage (R1-R2), the pod
elongation stage (R3-R5), and the seed enlargement stage (R5-R6) [9]. Results of factorial
analysis indicated that the yield was sensitive to the enhancement by irrigation, at pod elon‐
gation stage (R3-R4) and the seed enlargement stage (R5-R6) [9]. For 5 cultivars, the en‐
hancement effect by irrigation followed the order: seed enlargement stage (R5-R6) > pod
elongation stage (R3-R4) > flowering (R1-R2) [9]. A separate experiment by Kadhem et al
(1985) supported the sensitivity toward irrigation at the pod elongation stage in determinate
cultivars (R3.7 and R4.7) [10].

Traits Growth stage with drought stress application

Vegetative
During

Flowering

Pod

Lengthening
Seed Filling

Dry matter value

Main-stem

height

Internode length * *

Number of nodes *

Stem diameter *

Leaf surface area *

Yield components

Pods per dry matter *

Seeds per pod *

Individual seed weight * *

* indicates significant effect of drought on the trait. Growth stages were characterized by the Fehr and Caviness scale
[11]. Experiments were carried on the indeterminate cultivar, Weber.

Table 2. Effects of drought at different developmental stages on different agronomic traits (Modified from [8])
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It has been clearly demonstrated that water availability will affect seed yield, though the
growth stages that are most sensitive to drought stress vary among reports on different cul‐
tivars. In contrast, there are controversial reports on the effects of drought on soybean seed
quality. Germination rate is a crucial criterion for assessing seed quality. A 2-year field
study conducted on 3 soybean cultivars of Maturity Group (MG) IV, V and VI respectively
in the southern U.S.A. reported a reduction of seed germination to less than 80% of the con‐
trol, when drought stress was applied at any of the tested reproductive stages [12]. This ob‐
servation is supported by a greenhouse experiment reporting that the germination rate was
reduced in medium seeds from plants subjected to drought during seed filling period [13].

On the contrary, in a greenhouse experiment using the cultivar Gnome [14], drought stress
led to a reduction of seed yield mainly due to the reduction of seed number. Nevertheless,
there were only slight reductions in standard germination percentage and seedling axis dry
weight of the harvested seeds. The authors suggested that drought stress affects the seed
yield to a larger extend than seed quality. This result is supported by a separate experiment
using other determinate and indeterminate cultivars (Essex, Union, Harper and McCall), in
which drought did not result in production of seeds with reduced germination rate or vigor,
except for those shriveled, flat, and underdeveloped seeds [15].

The study by Dornbos and Mullen (1991) further showed that the effect of drought on the
germination rate of seeds from stressed plants was more significant when the air tempera‐
ture reached 35°C. The authors also reported an increase in the percentage of hard seeds
with increased duration of drought stress, and a negative relationship between seed weight
and the percentage of hard seeds [16]. Hard seeds possess impermeable seed coats that will
impede germination. In conclusion, drought clearly affects seed quality on some soybean
cultivars. However, the discrepancies among different reports suggest that such effects are
not universal to all cultivars under different stress conditions.

The contents of seed protein and oil are major parameters determining the nutritional value
of soybean. Soybean seed protein content in general is negatively correlated with the
amount of seed oil [17]. A differential irrigation experiment performed on soybean cultivars
Gnome and Hodgson 78 in a greenhouse setting reported a 4.4% increase in protein content
and 2.6% decrease in oil content under severe drought [18]. Furthermore, a 6-year field ex‐
periment was conducted using 60 soybean cultivars and breeding lines (Figure 1). The re‐
sults confirmed both the negative correlation between seed protein and seed oil contents as
well as the effect of drought on seed protein and seed oil contents [19]. The variations in
contents of seed protein and oil were attributed largely to the differential rainfall during the
seed filling stage [19].

Soybean seeds are also rich in isoflavones, a group of secondary metabolites exhibiting es‐
trogenic, antifungal, and antibacterial activities [20]. The level of isoflavones is affected by
drought during seed development [21]. While drought stress reduced the total content of
isoflavones in soybean seeds under 28°C and 700 ppm CO2, an increase was observed when
the drought stress was applied at 23°C and 700 ppm CO2 [21]. The results implied that the
isoflavone content in soybean seeds is responsive to drought but also to other environmen‐
tal factors including temperature and CO2 level.
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Figure 1. Variations of the average seed protein and oil contents of 60 soybean germplasms and breeding lines, and
the amount of rainfall at the experimental field during the reporting year (based on data from [19]).

3. Parameters for measuring the degree of drought stress in soybean

3.1. Parameters related to seed

Seed weight can be evaluated using 100-seed weight or seed weight distribution. To elimi‐
nate the effects of the large measurement errors on the weight of a single seed, the weights
of batches of 100 seeds are measured instead. Despite the general decreasing trend of seed
weight under drought, the seed weight may not reduce uniformly as a function of drought
intensity [16]. Therefore, seed weight distribution has become another parameter employed
to evaluate the effect of drought on seed weight, through the assessment of weight of seeds
of different sizes. Dornbos and Mullen (1991) reported that under severe drought, the pro‐
portion of seeds of diameter larger than 4.8mm was reduced by 30%-40% while the propor‐
tion of seeds of diameter smaller than 3.2mm was increased by 3%-15%. Under drought,
soybean plants continued to produce heavy seeds. However, a greater portion of seeds were
of low weight [16].

3.2. Parameters related to vegetative tissues

Drought stress reduced the number of nodes which is a result due to the reduction of main
stem height and the decreased node emergence rate [8]. Length of internode is also a param‐
eter for evaluating drought stress. However, the change in internode length is dependent on
the timing of drought. In the experiment reported by Desclaux et al (2000), only the interno‐
des which initiated during drought stress showed reduction in length [8].
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Reduction in leaf area is a convenient morphological parameter for measuring drought
stress experienced by the plant. Commercially available leaf area meters provide a non-de‐
structive means to measure leaf area in the field. Alternately, the area of detached leaves can
be measured simply by creating a digital image of the leaf using desk-top scanners followed
by image analysis by computer software [22].

Drought stress also leads to a reduction in leaf relative growth rate [23], which can be calcu‐
lated using the following formula:

RGR = ln (FDW) – ln (IDW) / (t2– t1)

where, FDW refers to the final dry weight; IDW refers to the initial dry weight; t2 refers to
the time in days at the end of the experiment; t1 refers to the time in days at the beginning of
the experiment.

The degree of  chlorophyll  reduction in soybean leaves was correlated with the strength
of drought treatments [24].  Chlorophyll can be simply extracted by immersing the plant
tissue in N,N-dimethylformamide (DMF) [25].  After  incubation and mixing,  the DMF is
subjected  to  OD determination.  The  total  chlorophyll  content  is  calculated  as  Ct  =  8.24
A664  +  23.97  A647  –  16.64  A603,  where  Ct  is  the  total  chlorophyll  content  in  µg/ml  of  the
DMF subjected to measurement [25].

4. Accessing drought tolerance of soybean

To facilitate cultivation of soybean in semi-arid and arid regions, it is important to rank soy‐
bean cultivars according to their drought tolerance. Various parameters have been adopted
to assess drought tolerance (Table 3). Due to different environmental and temporal factors,
the results of assessment may be varied. Therefore, experiments have to be conducted con‐
secutively for a few years in the same regions with large sampling size using various assess‐
ment parameters in order to achieve a more reliable classification.

Index Description Refs

A. Direct yield scoring methods

1. Average yield Average yield of certain germplasm in arid region or in the same

region for several years.

[26]

2. Water usage efficiency Unit yield on the expense of a unit of water. [26]

3. Environmental index Yield at targeted region relative to the average yield of all regions

tested.

[26]

B. Drought tolerance coefficient-based methods

1. Drought tolerance

coefficient (I)

Yield at water deficit year/region relative to water sufficient year/

region.

[26]
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Index Description Refs

2. Drought tolerance index (DI) DI = (I x YD)/AVERyield

where I is the drought tolerance coefficient, YD is the yield of

targeted germplasm in arid region, AVERyield is the average yield of

all germplasms tested in the same field. This method accounts for

the fact that a germplasm that has a higher drought tolerance

coefficient can actually have a lower yield.

[26]

C. Others

1. Germination stress index

(GSI)

Soybean seeds are germinated in water or hypertonic solution.

GSI = PItreat/PIcontrol

where PI is the summation of the germination rate at day 2, 4, 6, 8

in a ratio of 1, 0.75, 0.5 and 0.25 respectively.

[27]

2. Survival rate Water is withdrawn during the 3rd – 5th trifoliate stage. Time

needed for 50% of plant to die is determined.

[26]

3. Repeated drought during

seedling stage

Water is withdrawn from seedlings at 1st trifoliate stage. The

seedlings are re-watered when half of the seedlings are suffering

from permanent wilting. This process is repeated 2-3 times to

determine the amount of seedlings that can recover from the

treatment. Switching between hypertonic solution and water can

also be used as treatment.

[26]

4. Membership function

method

To compare performance of different germplasms under the same

standard, each agronomic trait of each germplasm was converted

to membership function using the principle of fuzzy logic.

Germplasms can be ranked using the membership function into 5

levels at which 1 is the most tolerant and 5 is the most sensitive.

[28]

5. Canopy wilting index Degree of wilting of the canopy is determined during the mid-day

of fine weather. Degree of wilting can be ranked into 6 levels from

0 to 5, where 0 and 5 represent no wilting and completely wilted,

respectively.

[26]

D. Methods used officially in China

1. Tolerance during

germination

Seeds are air-dried at 20℃ before experiment. 100 seeds are

germinated either in water-soaked (control) or 40% PEG-soaked

(treatment) cotton at 25℃. Experiment is conducted with

triplication. Germination rates are determined 7 days later. Relative

germination rate (RGI) is calculated by dividing the treatment

germination rate with control germination rate.

Level 1: RGI >95%

Level 2: RGI between 80% and 95%

Level 3. RGI between 65% and 80%

Level 4: RGI between 35% and 65%

Level 5: RGI < 35%

[29]
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Index Description Refs

2. Whole-growth-stage

tolerance

Test should be carried out in field with precipitation less than

50mm. Seeds of each germplasm in each treatment are sown in

single row of 1.5 m. The control field is irrigated (7 times) to

maintain the field soil moisture. In the treatment field, irrigation is

only applied before sowing to ensure the germination of seeds.

Plant height, number of branching, number of pods per plant and

yield per plant of 10 plants are determined upon harvest. Drought

tolerance coefficients of each trait are calculated. Average of

coefficients (RI) of all traits will be used to rank the germplasm into

5 levels.

Level 1: RI > 0.6500

Level 2: RI between 0.5000-0.6500

Level 3: RI between 0.3500-0.5000

Level 4: RI <0.3500

Level 5: Plant died or cannot reproduce

[29]

Table 3. Common parameters for assessing drought tolerance of soybean cultivars.

5. Morphological and physiological adjustments of soybean under
drought stress

For ease of discussion, we define the term drought tolerance loosely to include all mecha‐
nisms that allow soybean to survive better under drought. Soybean cultivars of different
drought tolerance exhibit a spectrum of differential morphological and physiological
changes under drought stress, presumably due to the differences in their genotypes.

5.1. Morphological and growth adjustments

Morphological adjustments are sometimes effective means to avoid drought stress. A num‐
ber of root-related traits have been proposed as indicators of drought tolerance in soybean
[30-34]. Root distribution, which is measured in terms of horizontal and vertical root length
density or dry matter in soil of different depth [34, 35], will change in drought tolerant soy‐
bean cultivars under drought stress [36]. It was reported that under seasonal drought, there
is a low root density in the dry surface soil but a high root density in the deeper region of
the soil where the water content is higher [34]. Moreover, using data from drought tolerant
soybean cultivars, it was found that there is a positive correlation between drought toler‐
ance and dry root weight/ plant weight; total root length/ plant weight, and root volume/
plant weight [30].

Root to shoot ratio increases under water deficit conditions [37]. It has been proposed that
the cessation of shoot but not root growth can be explained by the higher sensitivity to wa‐
ter deficit of shoot than root [37]. The differential growth is closely related to the differential
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change in cell wall composition, which involves the thickening of shoot cell wall and relax‐
ing of the expansion of root cell wall by certain catalytic enzymes and stiffening agents [37].
There are only limited reports on related studies in soybean. The study on GmRD22 from
soybean suggested a relationship between osmotic stress and cell wall metabolism.
GmRD22 is a BURP-domain containing protein localized in the apoplast, which may play a
role in stress tolerance by regulating lignin content of cell wall under stress, presumably
through interacting with cell wall peroxidases [38].

The adjustments of leaf morphology may play a role in drought tolerance. Some cultivars
take advantage from the maintenance of leaf area which provides a possible benefit for the
growth of soybean plant after the stress is relieved [39]. Under stress, drought tolerant soy‐
bean cultivars exhibited a larger leaf area when compared with less tolerant cultivars [23,
35]. This phenomenon was associated with the larger extent of reduction in stomatal con‐
ductance and yet a smaller extent of reduction in photosynthetic rate in the tolerant cultivar
[23]. In this case, the drought tolerant cultivar may benefit from the reduction of water loss
while minimizing the cost of reduction of photosynthesis.

5.2. Physiological and biochemical adjustments

To survive over an extended drought period, it is important for the soybean leaves to adjust its
stomatal conductance to prevent excessive water loss. For example, after 30 days of water
stress, the drought tolerant soybean variety MG/BR46 exhibited a higher degree of reduction in
stomatal conductance when compared to the drought sensitive cultivar BR16 (65% versus 50%
reduction) [23]. After 45 days of stress, the reduction in stomatal conductance was no longer
detectable in the sensitive cultivar while it had reached 79% in the tolerant cultivar [23].

Another important adjustment under drought stress is to maintain cell turgidity. In a field
test conducted using the drought tolerance soybean cultivar PI 416937 and the sensitive cul‐
tivar Forrest, it was found that PI 416937 maintained a lower solute potential yet a higher
water potential and water use efficiency. As a result, PI 416937 gave a higher seed weight
and yield than Forrest under drought. This report provided evidence on the positive correla‐
tion between turgor maintenance of leaves and drought tolerance [40].

To maintain cell turgidity under stress, osmotic adjustment is a common mechanism which
involves active accumulation of solutes in cells [39]. In soybean, drought stress up-regulates
the expression of the soybean P5CS gene which encodes the enzymeΔ1-pyrroline-5-carboxy‐
late synthase, a key enzyme in proline biosynthesis [41]. When the expression of the soybean
P5CS gene was knocked-down, survival under drought stress was hampered [42]. However,
a recent study comparing a drought tolerant and a drought sensitive soybean did not reveal
an increase in proline level under stress, although the proline level of the tolerant cultivar
was higher than that in the sensitive cultivar [43]. The involvement of proline accumulation
in drought stress adjustment in soybean awaits further confirmation.

The cellular biochemical adjustment under drought stress involves the scavenging of reac‐
tive oxygen species (ROS). Under normal situation, ROS including singlet oxygen, superox‐
ide radical, hydrogen peroxide, and hydroxyl radical are continuously synthesized and
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eliminated in plant cells as “by-products” of photosynthesis, photorespiration, and respira‐
tion in chloroplast and mitochondria [44]. Under drought stress, ROS accumulates when the
production outweighs the removal [45]. The over-produced ROS will attack cellular compo‐
nents including nucleic acids, protein, and lipid and eventually leads to cell death [46].

ROS scavenging enzymatic activities of superoxide dismutase, catalase, and glutathione per‐
oxidase increased in 5 soybean germplasms under drought stress [24]. The tested germ‐
plasms displayed different basal and treatment-induced level of ROS scavenging enzymatic
activities, which were correlated positively to the final seed yield [24]. The study on
GmPAP3 from soybean provides another example for the correlation between enhanced
ROS scavenging activity and the adaptation to osmotic stress. GmPAP3 is a mitochondria
localized purple acid phosphatase [47]. Ectopic expression of the GmPAP3 gene significantly
reduces ROS accumulation and thereby alleviates osmotic stress [48].

Adverse environmental conditions can bring forth the misfolding of proteins that will accu‐
mulate in endoplasmic reticulum (ER) [49]. The resulting ER stress will activate unfolded
protein response [49]. By global expression-profiling analyses on soybean leaves exposed to
ER stress inducers and polyethylene glycol, a number of genes were identified as candidate
regulatory components integrating ER stress signaling and osmotic stress responses [50].
Moreover, overexpression of soybean BiP (binding protein), an ER-resident molecular chap‐
erone, can enhance drought tolerance in soybean [51]. This evidence tightens the link be‐
tween ER stress and drought response through the activity of chaperones.

6. Molecular mechanisms of drought tolerance in soybean

In higher plants, the drought stimuli are presumably perceived by osmosensors (that are yet
to be identified) and then transduced down the signaling pathways, which activate down‐
stream drought responsive genes to display tolerance effects [52]. The tolerance involves not
only the activities of protein receptors, kinases, transcription factors, and effectors but also
the production of metabolites as messengers for transducing the signals. Drought tolerance
is of multigenic nature, involving complex molecular mechanisms and genetic networks.

The signaling pathway of drought stress is largely overlapping with the signaling pathway
of osmotic stresses which has been extensively reviewed [52]. Here, we provide a summary
directly related to drought tolerance and include updated information when appropriate.

6.1. Searching for osmosenors

The perception of drought stimulus is presumably via unknown osmosensors. It is speculat‐
ed that these sensors are associated with alterations in membrane porosity, integrity [53],
and turgor pressure [54]. From the spatial perspective, membrane proteins, cell wall recep‐
tors, and cytosolic enzymes are all potential sensors for osmotic stress [55, 56]. For example,
the families of THESEUS 1 and FERONIA receptor-like kinases (RLKs) in A. thaliana are pu‐
tative stress sensors in cell wall to perceive changes in cell wall integrity and turgor pressure
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[57-59]. On the other hand, from the functional point of view, calcium ion (Ca2+) channels,
Ca2+ binding proteins, two-component histidine kinases, receptor-like protein kinases, G-
protein coupled receptors are also potential candidates of osmosensors [60-63]. For instance,
AHK1 has been postulated as a cell surface sensor that activates the high-osmolarity glycer‐
ol response 1 (HOG1) mitogen-activated kinase (MAPK) cascade in transgenic yeast. [64]

In soybean, two-component histidine kinases (GmHK07, GmHK08, GmHK09, GmHK14,
GmHK15, GmHK16 and GmHK17) and receptor-like protein kinases (GmCLV1A,
GmCLV1B, GmRLK1, GmRLK2, GmRLK3 and GmRLK4) have been identified as candidates
of osmosensors [65-67]. However, direct evidence for their functions to perceive stress sig‐
nals in soybean is still missing.

6.2. Signal transduction under drought stress

Abscisic acid (ABA) regulates the physiology (e.g. closure of stomata) and metabolism of
plants (e.g. expression of enzymes) to rapidly cope with environmental challenges [68]. Bio‐
synthesis, accumulation, and catabolism of ABA are all crucial for the transduction of ABA-
mediated signals. The accumulation of ABA in response to drought is associated with the
changes in the levels of Ca2+ and ROS [60, 69]. In planta, ABA is synthesized in various cell
types including root cells, parenchyma cells, and mesophyll cells. Under drought stress,
ABA is transported to guard cells to control stomatal aperture [70]. ABA reaching the target
tissues and cells will be recognized and the signals will be transduced down the ABA signal‐
osome [71], including ABA receptors (PYR/PYL/RCAR), negative regulators (e.g. group A
protein phosphatases 2C), and positive regulators (e.g. SnRK-type kinases).

Components of this system have been discovered in soybean. For example, GsAPK is a
SnRK-type kinase from wild soybean that is up-regulated by drought stress in both leaves
and roots, but down-regulated by ABA treatment in roots [72]. In vivo assay revealed that
the phosphorylation activities of GsAPK is activated by ABA in a Ca2+-independent manner,
suggesting that GsAPK may play a role in the ABA-mediated signal transduction [72]. Acti‐
vated SnRK-type kinases in rice and A. thaliana will phosphorylate target proteins including
bZIP transcription factors and membrane ion channels [72].

Perceived stress signals may trigger transient changes in the cytosolic Ca2+ level which acts
as a second messenger [73]. Ca2+ sensors in turn transmit and activate the signaling path‐
ways for downstream stress responses [60]. Ca2+ sensors include various types of Ca2+-bind‐
ing proteins: CaMs (calmodulins), CMLs (CaM-like proteins), CDPKs (Ca2+-dependent
protein kinases), and CBLs (calcineurin B-like proteins) [74]. Among these Ca2+ sensors, all
are plant and protist-specific with the exception of CaM.

Expression of the soybean CaM (GmCaM4) in transgenic A. thaliana activated a R2R3 type
MYB transcription factor which in turn up-regulated several drought-responsive genes, in‐
cluding P5CS (encoding a proline anabolic enzyme) [75]. While the application of Ca2+ af‐
fects the nodulation of soybean [76], the gene encoding a soybean CaM binding protein was
found to be differentially expressed in soybean nodules under drought stress [77].
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The drought tolerance related CDPK family is well-studied in rice and A. thaliana [78, 79]. In
isolated soybean symbiosome membrane, a CDPK was demonstrated to phosphorylate an
aquaporin called nodulin 26 and hence enhance the water permeability of the membrane. I
was hypothesized that this is an integral part of the drought tolerance mechanism [80, 81].

Besides Ca2+, phosphatidic acid (PA) and the intermediates of inositol metabolism are also
second messengers for signal transduction [82-84]. However, there are only very limited evi‐
dence supporting the involvement of phospholipid signaling in drought stress response of
soybean. The soybean nodulin gene G93 encoding a ZR1 homologue was down-regulated
under drought stress [85]. Plant ZR1 homologue such as RARF-1 in A. thaliana may involve
in lipid signaling via interaction with phosphatidylinositol 3-phosphate [86].

When plants are subjected to drought stress, accumulation of cellular ROS will trigger the
generation of hydrogen peroxide, a signaling molecule that will activate ROS scavenging
mechanisms [87]. In soybean, exogenous application of hydrogen sulphide alleviates symp‐
toms of drought stress, probably via triggering an antioxidant signaling mechanism [88].

Many studies support the roles of protein kinases in stress signaling [89, 90]. In plants, the
drought responsive signal transduction of the MAPK family (MAPK, MAPKK/MEKK,
MAPKKK/MKK) as well as the MAPK phosphatases (MKP) family have been relatively
well-studied in A. thaliana and rice [89], but remained under-explored in soybean, although
a PA-responsive MAPK has been identified in soybean [91].

On the other hand, some non-MAPK type protein kinases found in soybean may be related
to drought responses. The soybean gene encoding a serine/threonine ABA-activated protein
kinase was found to be up-regulated by ABA, Ca2+, and polyethylene glycol treatments [92].
The With No Lysine protein kinase 1 of soybean is another serine/threonine protein kinase
that is a putative osmoregulator [93].

The ubiquitin-mediated protein degradation pathway is also an integral part of the signal
transduction network [94]. This pathway directs the degradation of target proteins by the
26S proteasome and is responsive to drought stress. Two ubiquitin genes and one gene en‐
coding ubiquitin conjugating enzyme were identified as differentially expressed genes in
nodulated soybean under drought stress [77]. Overexpression of the ubiquitin ligase gene
GmUBC2 enhances drought tolerance in A. thaliana, via up-regulating the expression of
genes encoding ion transporters (AtNHX1 and AtCLCa), a proline biosynthetic enzyme
(AtP5CS), and a copper chaperone (AtCCS) [94].

6.3. Drought-responsive transcription factors

Transcription regulation plays an important role in drought stress response. For instance,
using oligo microarray analysis, transcriptions of 4,433 and 5,098 soybean genes were found
to be significantly up-regulated and down-regulated respectively when subjected to a no-ir‐
rigation period for 4 days [95]. The signal transduction pathways can ultimately regulate the
expression of drought-responsive genes through diverse transcription factors. Transcription
factors often target the corresponding cis-acting promoter elements, such as the drought
stress related elements DRE, ABRE, Gbox, and T/Gbox [95, 96].
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In  the  soybean genome,  ~500 transcription factors  were  in  silico  annotated [96].  Increas‐
ing efforts have been placed to characterize their importance and functions in relation to
drought  [97-101].  Soybean  transcription  factors  that  confer  drought  tolerance  are  sum‐
marized in Table 4.

Transcription factor Expression under drought a Plant system used Refs

AP2/ERF

GmDREB + Wheat [102]

GmDREB2 + A. thaliana [103]

GmDREB3 nc A. thaliana [104]

GmERF3 b + Tobacco [105]

GmERF4 + Tobacco [106]

GmERF089 + Tobacco [107]

bZIP

GmbZIP1 + A. thaliana, wheat [108]

GT

GmGT-2A + A. thaliana [109]

GmGT-2B b + A. thaliana [109]

Zinc finger

GsZFP1 + A. thaliana [110]

Zinc finger—WRKY

GmWRKY54 + A. thaliana [111]

GmWRKY57B nt Tobacco [112]

a+: up-regulated; -: down-regulated; nc: no change; nt: not tested

b The transcription activity was verified by transactivation tests in yeast.

Table 4. Soybean transcription factors that exhibit protective function against drought in transgenic plant systems.

7. Strategies for breeding drought tolerant soybean cultivars

To combat water deficit, one of the most effective ways is to breed for new cultivars that ex‐
hibit durable drought tolerance. A combination of conventional breeding, marker-assisted
breeding, and transgenic approaches will shed light on the crop improvement program of
drought tolerance in soybean.
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7.1. Conventional breeding

The high biodiversity nature of soybean allows the stacking of desirable traits through
breeding. Since the genetic background of soybean germplasms varies due to spatial adapta‐
tions to diverse habitats, breeding with soybean germplasms from different origins can ef‐
fectively accelerate crop improvement. A recent study suggested that wild soybean
exhibited higher allelic diversity compared to cultivated soybean [113]. Since they are sexu‐
ally compatible, wild soybean can potentially serve as a good genetic source in the breeding
programs.

Conventional  breeding could be  a  long and tedious  process.  For  example,  the  breeding
of  the  drought  tolerant  soybean cultivar  Jindou 21  started  by  breeding  Lín  Xiàn  White
Soybean (an  old  cultivar  of  higher  drought  tolerance  but  lower  yield)  against  Jindou 2
(drought tolerant,  high yield,  and early maturation).  After  the selective breeding for six
generations,  the resulting drought tolerance line was used as a parent of the next selec‐
tion breeding and crossed with Jindou 14. The final selection breeding of Jindou 21 was
carried out in the arid region of western Shanxi for seven years (1987 – 1993).  Compar‐
ing  to  its  parent  Jindou 14,  Jindou 21  exhibited  increased  yield  and enhanced  drought
tolerant.  Since then,  Jindu 21 has become one of  the most  popularized drought tolerant
soybean  cultivars  grown in  semi-arid  regions  of  Gansu,  Ningxia,  and Shanxi  Provinces
of  China,  particularly  in  regions  where  irrigated  agriculture  is  not  practical.  The  total
cultivation area is over 3.75 million hectare [114].

7.2. Marker-assisted breeding

Drought tolerance in crops may involve different mechanisms depending on the nature of
drought, making it difficult for phenotypic selection and screening through conventional
breeding. A recent genomic study showed that soybean is a species of exceptionally high
linkage disequilibrium (low recombination frequency) and hence marker-assisted breeding
is a promising approach. The same study also identified more than 200,000 tagged SNPs for
this purpose [113].

Marker-assisted breeding makes use of DNA markers that are closely linked to the target
QTLs, to expedite the selection of progeny lines by replacing some time consuming pheno‐
typic characterizations [115]. For example, delayed wilting response of canopy is associated
with drought tolerance [116, 117]. Four QTLs that are associated with this trait were mapped
[118], which are significantly associated with 16 SSR markers. One of the identified QTLs
was identified in all tested environments which is therefore a promising candidate for mark‐
er-assisted breeding for delayed canopy wilting trait in different environments, including
those with the soil type and moisture level inadequately characterized [119, 120].

7.3. Genetic engineering

With the advancement of biotechnology and availability of genomic sequence information,
germplasm resources, and increasing genomic tools available for soybean research, trans‐
genic approach has become an attractive alternative strategy in breeding. One critical hurdle
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tolerant.  Since then,  Jindu 21 has become one of  the most  popularized drought tolerant
soybean  cultivars  grown in  semi-arid  regions  of  Gansu,  Ningxia,  and Shanxi  Provinces
of  China,  particularly  in  regions  where  irrigated  agriculture  is  not  practical.  The  total
cultivation area is over 3.75 million hectare [114].

7.2. Marker-assisted breeding

Drought tolerance in crops may involve different mechanisms depending on the nature of
drought, making it difficult for phenotypic selection and screening through conventional
breeding. A recent genomic study showed that soybean is a species of exceptionally high
linkage disequilibrium (low recombination frequency) and hence marker-assisted breeding
is a promising approach. The same study also identified more than 200,000 tagged SNPs for
this purpose [113].

Marker-assisted breeding makes use of DNA markers that are closely linked to the target
QTLs, to expedite the selection of progeny lines by replacing some time consuming pheno‐
typic characterizations [115]. For example, delayed wilting response of canopy is associated
with drought tolerance [116, 117]. Four QTLs that are associated with this trait were mapped
[118], which are significantly associated with 16 SSR markers. One of the identified QTLs
was identified in all tested environments which is therefore a promising candidate for mark‐
er-assisted breeding for delayed canopy wilting trait in different environments, including
those with the soil type and moisture level inadequately characterized [119, 120].

7.3. Genetic engineering

With the advancement of biotechnology and availability of genomic sequence information,
germplasm resources, and increasing genomic tools available for soybean research, trans‐
genic approach has become an attractive alternative strategy in breeding. One critical hurdle
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of this approach is to identify ideal candidate genes that can improve drought tolerance but
do not have a yield penalty when introduced into the soybean genome.

Rapid gain-of-function experiments using heterologous model plant systems (tobacco, A.
thaliana and rice) have been employed to screen for potential candidates. Although of lower
efficiency, there are established systems of soybean transformation [121-124], allowing direct
assessments of the protective functions of both native and heterologous genes in soybean.

Some promising results using this approach have been obtained, although they are all at the
experimental stage. For example, AtMYB44 is a R2R3-type MYB transcription factor from A.
thaliana that participates in the ABA-mediated abiotic stress signaling [125]. Ectopic expres‐
sion of AtMYB44 in soybean led to improved drought tolerance and yet suffered from re‐
duced growth phenotype under normal conditions [126]. Transgenic soybean expressing the
AtP5CR gene (encoding L-Δ1-Pyrroline-5-carboxylate reductase) resulted in enhanced toler‐
ance toward drought stress with significantly higher relative water content [127]. Introduc‐
ing the NTR1 gene from Brassica campestris (encoding a jasmonic acid carboxyl
methyltransferase) into soybean led to increased accumulation of methyl jasmonate and en‐
hanced tolerance toward dehydration during seed germination [128]. Overexpression of the
soybean gene GmDREB3 (encoding a dehydration-responsive element-binding transcription
factor) also enhances drought tolerance, in parallel to the accumulation of proline [129].

8. Agronomic practices to alleviate the impacts of drought

While breeding programs often take a long time to complete, agronomic practices aiming at
efficient use of limited water resources will give immediate results. These measures include:
(1) minimizing water input; (2) reducing water loss from irrigation system and the field; and
(3) increasing crop water use efficiency (WUE). In agriculture, WUE is defined as the yield
of irrigated plant per total water in actual evapotranspiration (ET). A higher WUE value
usually suggests a better use of water though not necessarily a higher yield [26].

Traditional irrigation systems involve open and unlined ditches channeling water from un‐
covered sources like wells and rivers to the fields. Besides, irrigation by flooding furrows or
the whole field is common in many regions simply due to low cost [130]. A loss of more
than 50% of irrigated water happens in these irrigation systems through evaporation, leak‐
age, seepage, and percolation especially when the water source is far away from the field
[131]. A well-managed pipe system can achieve 90-100% conveyance efficiency [131]. Pres‐
surized water application methods such as advanced sprinkler and dripping systems at the
terminal of the closed irrigation channels help further reduce water input [130, 132]. Sprin‐
klers can evenly spray desirable amounts of water onto the field such that water loss
through seepage and percolation can be reduced. Dripping can deliver water precisely to
the root zone of the plant. This can reduce the loss of water in barren areas or consumption
by weeds.

The plant at different growth stages requires different amount of water to grow and survive.
ET accounts for both the evaporation and transpiration and is a measure of the amount of
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water used by the crop. ET by the soybean plant roughly appears as a bell shaped curve
during its life cycle. It gradually increases from the germination stage through the vegeta‐
tive stage to a maximum at the early reproductive stage (R1-R2); then reduces continuously
until the maturation stage [133]. The yield of soybean grown in arid regions without irriga‐
tion exhibits significant yield reduction, compared to those grown on fully irrigated land
[134]. Nevertheless, delayed irrigation at flowering and early podding stages can effectively
regain most of the yield as the fully irrigated plant [134-136]. Limiting irrigation to growth
stages critical to the final yield can be an effective mean to reduce the input of water while
water resources are scarce [137, 138].

The drought stress response of the plant involving ABA can also be used in formulating ef‐
fective water saving agricultural strategies. ABA reduces stomatal aperture and hence re‐
duces water loss through transpiration [139-142]. On the other hand, soil water deficit and
water replenishment induce root growth in crops such as maize, corn [143, 144], and some
soybean varieties [35]. The outgrowth of roots benefits both water and nutrient absorption
upon water replenishment [145]. Based on these researches, regulated deficit irrigation
(RDI) has been developed to save agricultural water by improving WUE as a result of sup‐
plying water less than the full ET of the plant. A recent study in soybean showed that com‐
pared with the fully irrigated control, irrigating with 75% water of the fully irrigated
treatment could maintain over 90% of the yield while increasing the water productivity
from 0.44 to 0.56 kg/m3 [146].

Controlled alternate partial root-zone irrigation (CAPRI) or so-called partial root-zone dry‐
ing (PRD) is a derivative of RDI. Instead of just reducing the amount of irrigation, the strat‐
egy of CAPRI is to supply water only to spatially separated parts of the root system while
keeping the unirrigated parts dry [147]. The drought stress signal will be generated in the
dry parts of the root system to induce growth of the whole root system and reduce stomatal
aperture. On the other hand, the irrigated half of the root system will continue to absorb wa‐
ter to support the growth of the whole plant [145]. To prevent undesirable anatomical
changes and severe damages to the root, different parts of the root system will be irrigated
in turn [145]. Dripping irrigation has played an important role in CAPRI as it can precisely
irrigate the desired part of the root system. Application of alternate partial root-zone drip
irrigation (APRDI) has achieved promising water saving effects on different crops like cot‐
ton, grapes, and potato [148-151]. Similar strategies can be applied in soybean cultivation.

Traditional mulching involves covering of the field with straw or other harvest left-overs. The
mulch can trap moisture and hence retain soil water. The degrading organic mulch also adds
humus to the soil and improves the water holding capacity of the soil. In China, plastic mulch
has been widely used on soybean interplanted with maize, potato or cucumber. For example, a
study conducted in Shouyang County of the Shanxi Province, China suggested that mulching
cultivation with hole-sowing or row-sowing techniques can increase soybean yield up to
23.4% and 50.6%, respectively [152]. Ridge-furrow mulching and whole year mulching cultiva‐
tion could increase WUE by 37.3% - 58.0% and yield by 40.8% - 41.9%, respectively, in the Loess
Plateau of China, compared to traditional open field cultivation [153, 154].
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9. Conclusion

Soybean is nutritionally and economically important. Due to the adverse effects of agricul‐
tural drought on soybean production, drought stress in soybean has become a hot research
topic. From measurement of the effect of drought on soybean to the studies of drought re‐
sponsive mechanisms at morphological, physiological, and molecular level, the knowledge
on drought stress and tolerance in soybean has been accumulated rapidly. With the ad‐
vancement of breeding programs and agronomic practices, the production of soybean under
drought can be improved by integrating all technologies and knowledge involved.
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1. Introduction

A diversity of bioactive biomolecules present in soybean is covered in this chapter such
as e-Phe-Leu and Trp-Leu, and Val-Leu-Ile-Val-Pro derived from glycinin;  Bowman-Birk
inhibitor,  Kunitz  trypsin inhibitor,  hemagglutinin,  isoflavone-deprived soy peptide,  neu‐
tral PR-5 protein, SbPRP protein, ferritin, peroxisomal proteins,  defense proteins such as
calmodulin, disease resistance protein, beta-glucan-binding protein, l unasin, and glysoja‐
nin;  enzymes  such  as  phenylalanine  ammonia-lyase  and  tyrosine  ammonia-lyase,  de‐
fense-related enzymes, cysteine proteinase, isoflavone synthase, isocitrate lyase, vestitone
reductase  and chalcone reductase,  UDP-glucose:  flavonoid 3-O-glucosyltransferase,  beta-
glucosidase,  isoflavone  conjugate-hydrolyzing  beta-glucosidase,  genes  related  to  2-oxo‐
glutarate-dependent  dioxygenases,  5'-adenylylsulfate  reductase,  and  ATP  sulfurylase,
anticarcinogenic daidzein-rich fraction,  polysaccharides,  glyceollins,  and isoflavones.  The
aforementioned  soybean  constituents  manifest  many  uses  and  consumption  of  soybean
promotes health.

Soybean represents a rich and yet relatively inexpensive source of proteins. Hence it is a
common dietary component in many countries. It is well known that some of its constitu‐
ents like isoflavones are beneficial to health, and regular consumption of soybean has been
associated with a reduced incidence of diseases such as osteoporosis, cancer and cardiovas‐
cular disease. A wealth of information pertaining to the various bioactive constituents of
soybean has been accumulated. The aim of this article is to review the information that is
available.
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2. Storage proteins

A  combined  proteomic  approach  was  employed  for  the  separation,  identification,  and
comparison of  two major  storage  proteins,  beta-conglycinin  and glycinin,  from cultivat‐
ed (Glycine max) and wild (Glycine soja) soybean seeds. Two-dimensional polyacrylamide
gel  electrophoresis  with  three  different  immobilized  pH  gradient  strips  effectively  re‐
solved many storage proteins. The pH range 3.0 -  10.0 was good for separating most of
the beta-conglycinin subunits  while  pH ranges 4.0  -  7.0  and 6.0  -  11.0  were satisfactory
for  separating  acidic  and  basic  glycinin  polypeptides,  respectively.  Although  the  distri‐
bution  pattern  of  the  protein  spots  was  in  general  alike  in  both  genotypes  by  employ‐
ing  pH  3.0  -  10.0,  variations  in  number  and  intensity  of  protein  spots  were  better
resolved when a  combination of  pH 4.0  -  7.0  and pH 6.0  -  11.0  was utilized.  The total
number of storage protein spots detected in wild and cultivated genotypes was approxi‐
mately 44 and 34, respectively [1].

Krishnan et al have developed a fast and simple fractionation technique using 10 mM Ca2+ to
precipitate soybean seed storage globulins, glycinin and beta-conglycinin. This method
eliminates over 80% of the highly abundant seed proteins from the extract, facilitating detec‐
tion of previously inconspicuous proteins in soybean seed [2].

3. β-conglycinin

Ferreira et al conducted a study to investigate the effect of daily oral administration of soy‐
bean β-conglycinin (7S protein) (300 mg/kg/day) alone and in conjunction with the hypolipi‐
demic drugs fenofibrate (30 mg/kg/day) and rosuvastatin (10 mg/kg/day) in
hypercholesterolemic rats for 28 days. The data reveal that conglycinin exhibits effects simi‐
lar to those of fenofibrate and rosuvastatin in the control of plasma cholesterol, HDL-C and
triglycerides, and suggests that the association of soybean β-conglycinin with rosuvastatin
changes the action of the drug in cholesterol homeostasis [3].

4. Glycinin

Glycinin was isolated and characterized from soybeans stored under different ambient con‐
ditions (i) in 84% relative humidity at 30 oC (adverse conditions) for 9 months and (ii) in 57%
relative humidity at 20 oC, (iii) in the cold (4 oC), and (iv) in an uncontrolled ambient garage
for 18 months.. Glycinin purified from soybean exposed to the adverse conditions possessed
a significant amount of sugar and demonstrated a decrease in hydrophobic interactions after
3 months; the total free sulfhydryl content in glycinin dropped, but the intramolecular disul‐
fide bonds increased; the alpha-helix content of secondary structure underwent a slight rise,
but the beta-sheet content fell. The structure of glycinin purified from and subjected to the
other three aforementioned conditions remained unaltered after 18 months of storage when
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compared to the control. The molecular mass of glycinin remained in the range of 313-340
kDa throughout the storage period for all four conditions [4].

Addition of 1% cholesterol and 0.5% cholic acid induced hypercholesterolemia in Male Wis‐
tar rats without altering weight gain. Daily administration (300 mg/kg/day) of glycinin (11S
globulin) for 28 days led to a 2.8% increase of dietary protein intake and resulted in elevated
HDL-C, reduced hepatic triglycerides and improved atherogenic index in hypercholestero‐
lemic animals [5].

Sitohy et al [6] isolated glycinin, basic subunit and β-conglycinin from soybean protein iso‐
late and tested them for antimicrobial activity against pathogenic and spoilage bacteria as
compared to penicillin. All three of them demonstrated antibacterial activity identical to or
higher than penicillin in the order; basic subunit > glycinin > β-conglycinin with minimal in‐
hibitory concentration (MIC) of 50, 100 and 1000 µg/ml, respectively. The half maximal in‐
hibitory concentration (IC50) values of the basic subunit, glycinin and β-conglycinin were 15,
16 and 695 µg/ml against Listeria monocytogenes; 17, 20, and 612 µg/ml against Bacillus subti‐
lis; and 18, 21 and 526 µg/ml against S. enteritidis, respectively. Transmission electron micro‐
scopy images of L. monocytogenes and S. enteritidis revealed larger sizes and separation of cell
wall from cell membrane following treatment with glycinin or basic subunit. Scanning elec‐
tron microscopy of B. subtilis disclosed an irregular wrinkled external surface, fragmenta‐
tion, adhesion and aggregation of damaged cells or cellular debris following treatment with
glycinin or the basic subunits but not with penicillin. All tested substances, especially the ba‐
sic subunit, manifested enhanced concentration-dependent cell permeation as indicated by
crystal violet uptake. Glycinin and basic subunit demonstrated a more rapid antimicrobial
action compared with penicillin. The cell killing efficiency was in the following descending
order; basic subunit > glycinin > penicillin > β-conglycinin and the susceptibility of the bac‐
teria to the antimicrobial agents was in the order: L. monocytogenes > B. subtilis > S. enteritidis.
Addition of glycinin and the basic subunit to pasteurized milk inoculated with the three
bacteria; L. monocytogenes, B. subtilis and S. enteritidis (approximately 5 log CFU/ml) impeded
their proliferation after storage at 4 °C for 16-20 days [6].

5. Soybean 7S globulin

In rats fed a hypercholesterolemic diet soybean 7S globulin reduced plasma cholesterol and
triglycerides and upregulated liver beta- very-low-density lipoprotein (VLDL) receptors [7].

6. Basic 7S globulin (Bg7S)

Basic 7S globulin (Bg7S) is expressed by soybeans in response to biotic or abiotic stress. It is
capable of binding to a 4-kDa protein involved in cell proliferation. Bg7S is detected in le‐
gumes, and other plants. However, its function has not been elucidated. Bg7S has been suc‐
cessfully crystallized. Orthorhombic and monoclinic crystals were procured under various

Biologically Active Constituents of Soybean
http://dx.doi.org/10.5772/52526

241



conditions and belonged to space groups P2(1)2(1)2, with unit-cell parameters a = 111.9, b =
130.1, c = 287.8 Å, and P2(1), with unit-cell parameters a = 85.3, b = 137.6, c = 162.1 Å, β =
91.2°, respectively [8].

7. Soybean food allergens

As  part  of  the  safety  assessment  of  genetically  modified  (GM)  soybean,  2-dimensional
gel  electrophoresis  analyses  were  performed with  the  isoxaflutole  and  glyphosate-toler‐
ant  soybean  FG72,  its  non-GM  near-isogenic  counterpart  (Jack)  and  three  commercial
non-GM soybean lines.  Rouquié et al  [9] compared the known endogenous human food
allergens in the seeds of the five different soybean lines to assess any potential unantici‐
pated consequences  of  the  genetic  modification.  Thirty-seven protein  spots  representing
five  well  known  soybean  food  allergen  groups  were  quantified  in  each  genotype.
Among  the  various  protein  spots,  the  levels  of  accumulation  of  three  allergens  were
slightly  attenuated in GM soybean than in non-GM counterparts  although all  allergenic
proteins  were  detected  in  the  different  genetic  backgrounds.  There  was  no  significant
rise  in  the  level  of  allergens  in  FG72  soybean  seeds  which  can  thus  be  considered  as
safe as its non-GM counterpart [9].

8. Immunodominant soybeanallergen P34

Protein P34 (Gly m Bd 30K) is  the immunodominant allergen in soybean.  Among com‐
mercial  soy  ingredients,  soy  flour  displayed  the  highest  P34  antigenicity  (32  mg/g  ex‐
tracted  protein)  followed  by  soy  protein  isolate  (29  mg/g  extracted  protein)  and  soy
protein concentrate (24 mg/g extracted protein). Among soy consumer products, soymilk
exhibited the highest P34 antigenicity (from 7 to 23 mg/g extracted protein), followed by
tempeh (8  mg/g extracted protein),  soy infant  formula (3.4  mg/g extracted protein),  soy
powder  (2  mg/g  extracted  protein),  and  soy  cheese  products  (0.50  mg/g  extracted  pro‐
tein). Korean miso, soy sauce, soy chili mix, soy nuts, soy cream cheese, soy meat patty,
texturized soy protein,  and soy cereal  exhibited undetectable  P34 antigenicity (detection
limit = 0.45 ng). Selecting soybean varieties low in this allergen, or via processing, poten‐
tially can render soybean products less antigenic [10].

The sera from 3 of 9 (33%) patients with outgrown soybean allergy and 6 of 9 (66%) patients
with soybean allergy were classified as positive. Sodium dodecyl sulfate (SDS)-treated re‐
combinant P34 retained its structure and biological activity. Recombinant P34 is a useful tool
for the analysis of antigen-specific response in soybean allergy. A modified form of recombi‐
nant P34 for the diagnosis or treatment of soybean allergy using specific immunotherapy
techniques may be available in the future [11].

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

242



conditions and belonged to space groups P2(1)2(1)2, with unit-cell parameters a = 111.9, b =
130.1, c = 287.8 Å, and P2(1), with unit-cell parameters a = 85.3, b = 137.6, c = 162.1 Å, β =
91.2°, respectively [8].

7. Soybean food allergens

As  part  of  the  safety  assessment  of  genetically  modified  (GM)  soybean,  2-dimensional
gel  electrophoresis  analyses  were  performed with  the  isoxaflutole  and  glyphosate-toler‐
ant  soybean  FG72,  its  non-GM  near-isogenic  counterpart  (Jack)  and  three  commercial
non-GM soybean lines.  Rouquié et al  [9] compared the known endogenous human food
allergens in the seeds of the five different soybean lines to assess any potential unantici‐
pated consequences  of  the  genetic  modification.  Thirty-seven protein  spots  representing
five  well  known  soybean  food  allergen  groups  were  quantified  in  each  genotype.
Among  the  various  protein  spots,  the  levels  of  accumulation  of  three  allergens  were
slightly  attenuated in GM soybean than in non-GM counterparts  although all  allergenic
proteins  were  detected  in  the  different  genetic  backgrounds.  There  was  no  significant
rise  in  the  level  of  allergens  in  FG72  soybean  seeds  which  can  thus  be  considered  as
safe as its non-GM counterpart [9].

8. Immunodominant soybeanallergen P34

Protein P34 (Gly m Bd 30K) is  the immunodominant allergen in soybean.  Among com‐
mercial  soy  ingredients,  soy  flour  displayed  the  highest  P34  antigenicity  (32  mg/g  ex‐
tracted  protein)  followed  by  soy  protein  isolate  (29  mg/g  extracted  protein)  and  soy
protein concentrate (24 mg/g extracted protein). Among soy consumer products, soymilk
exhibited the highest P34 antigenicity (from 7 to 23 mg/g extracted protein), followed by
tempeh (8  mg/g extracted protein),  soy infant  formula (3.4  mg/g extracted protein),  soy
powder  (2  mg/g  extracted  protein),  and  soy  cheese  products  (0.50  mg/g  extracted  pro‐
tein). Korean miso, soy sauce, soy chili mix, soy nuts, soy cream cheese, soy meat patty,
texturized soy protein,  and soy cereal  exhibited undetectable  P34 antigenicity (detection
limit = 0.45 ng). Selecting soybean varieties low in this allergen, or via processing, poten‐
tially can render soybean products less antigenic [10].

The sera from 3 of 9 (33%) patients with outgrown soybean allergy and 6 of 9 (66%) patients
with soybean allergy were classified as positive. Sodium dodecyl sulfate (SDS)-treated re‐
combinant P34 retained its structure and biological activity. Recombinant P34 is a useful tool
for the analysis of antigen-specific response in soybean allergy. A modified form of recombi‐
nant P34 for the diagnosis or treatment of soybean allergy using specific immunotherapy
techniques may be available in the future [11].

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

242

9. GmPep914

The peptide DHPRGGNY from soybean leaves, at a concentration of 0.25 nM, alkalinizes the
media of soybean suspension cells, a response associated with defense peptides. Only 5 to
10 min are needed to achieve a maximal pH change. The peptide is present at the carboxy-
terminal end of a 52-amino acid precursor protein (Glyma12g00990) deduced from the soy‐
bean genome project. A search of the soybean databank discloses a homolog
(Glyma09g36370) that contains a similar peptide, DLPRGGNY. The synthetic peptide exhib‐
its the same activity. The peptides, designated GmPep914 (DHPRGGNY) and GmPep890
(DLPRGGNY), can induce the expression of both Glyma12g00990 (GmPROPEP914) and
Glyma09g36370 (GmPROPEP890) in cultured soybean suspension cells within 1 h. Both
peptides induced the expression of defense genes such as CYP93A1(a cytochrome P450 gene
implicated in phytoalexin synthesis), chitinase b1-1(a chitinase implicated in pathogen de‐
fense), and soybean chalcone synthase1 (Gmachs1), and chalcone synthase, implicated in
phytoalexin production. Both GmPROPEP914 and GmPROPEP890 were highly expressed in
the roots, relative to the aerial portions of the plant. However, treatment of the aerial portion
of soybean plants with hormones involved in elicitation of defense responses revealed aug‐
mented expression levels of GmPROPEP914 and GmPROPEP890 [12].

10. Cyclo(his-pro)

Cyclo(His-Pro),(CHP),a naturally occurring, cyclic dipeptide structurally related to thyrotro‐
pin-releasing hormone, was obtained from soybean meal by hydrolysis with flavourzyme
and alcalase. When rat insulinoma cells (RINm5F) were exposed to 2 mM streptozotocin
(STZ), insulin secretion declined to approximately half. CHP treatment restored the insulin-
secreting activity of RINm5F cells to approximately 71% of that of untreated control cells.
CHP significantly protected the cells from STZ -mediated cytotoxicity via reduction of STZ-
induced nitric oxide production (2.3-fold) and lipid peroxidation (1.9-fold). STZ-induced
apoptotic events, including activation of caspase-3, poly(ADP-ribose) polymerase (PARP)
cleavage, and DNA fragmentation in RINm5F cells were attenuated by CHP. These results
suggest that CHP could be employed as a protective and therapeutic agent against STZ-
mediated cytotoxicity and apoptosis [13].

11. Immunostimulating glutamine-rich peptide

An immunostimulating glutamine-rich peptide, isolated from the soybean protein fraction
digested with Rhizopus oryzae Peptidase R, was located at or in the vicinity of the glutamine-
rich region 202 to 222 of the glycinin G4 subunit. The peptide significantly upregulated the
number of CD8(+), CD11b(+), and CD49b(+) cells in C3H/HeN mouse spleen cell cultures.
Two chemically synthesized glutamine-rich peptides (QQQQQQKSHGGR and
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KQGQHQQEEEEE), corresponding to residues 202 to 213 and residues 214 to 225 of the gly‐
cinin G4 subunit, elevated the number of interleukin (IL)-12(+)CD11b(+) cells. Peptide
202-213 increased the number of CD49b(+), IL-2(+)CD4(+), and interferon-gamma(+)CD4(+)
cells, and stimulated the cytotoxic activity of splenocytes toward K562 human erythroleuke‐
mia cells. The data suggest that the glutamine-rich region of the soybean glycinin G4 subu‐
nit enhances the cellular immune system in murine splenocyte cultures [14].

12. Soy protein

Soy protein mitigates lipotoxicity in the liver and pancreas in various rodent models of obe‐
sity. Dietary soy protein can suppress cardiac cholesterol and triglyceride concentrations
and reduce cardiacceramide concentration by downregulating the expression of serine pal‐
mitoyl transferase, a key enzyme in sphingolipid biosynthesis in the heart of obese rodents,
and by reducing lipid accumulation. Thus, soy protein consumption may be a useful dietary
therapeutic strategy for l prevention of lipotoxic cardiomyopathy [15].

13. Soy protein-derived angiotensin I-converting enzyme
(ACE)inhibitory hydrolysate

Cha and Park [16] produced a soy protein-derived ACE inhibitory hydrolysate and charac‐
terized its activity, physicochemical, and biochemical properties. The competitive ACE in‐
hibitory activity remained stable after incubation with gastric enzymes for 2 hours

14. Angiotensin I-converting enzyme inhibitory peptides

Two non-competitive ACE inhibitors, Ile-Phe-Leu (IC50, 44.8 M) and Trp-Leu (IC50, 29.9 M),
were isolated from the tofuyo (fermented soybean food) extract. The first sequence is con‐
tained in the alpha- and beta-subunits of beta-conglycinin, while the second sequence exists
in the B-, B1A- and BX-subunits of soybean glycinin. The inhibitory activity of Trp-Leu was
unaffected by the gastrointestinal proteases pepsin, chymotrypsin and trypsin. About 30%
of the activity remained after successive digestion by these proteases [17].

15. Angiotensin I-converting enzyme inhibitory peptide derived from
glycinin

The pentapeptide Val-Leu-Ile-Val-Pro derived from glycinin has an IC50 of 1.69 +/- 0.17 M
and a Ki of 4.5 +/- 0.25 x 10-6 M for ACE inhibition. This peptide was resistant to digestion by
gastrointestinal proteases [18].
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16. Bowman-Birk Inhibitor (BBI)

The low cancer incidence associated with soybean consumption has been related to the pres‐
ence of Bowman-Birk inhibitor (BBI) and lectin [19]. Two different strategies were used for
the extraction of BBI and lectin. The first method entailed extraction of soybean proteins us‐
ing Tris-HCl buffer followed by isolation of BBI and lectin by isoelectric precipitation of oth‐
er soybean proteins. The second method involved direct extraction of BBI and lectin using
an acetate buffer. The effect of previous delipidation on the extraction of BBI and lectin was
examined. The possibility of using a high-intensity focalized ultrasonic probe for expediting
the extraction was investigated and the extraction time and ultrasound amplitude were opti‐
mized. After evaluation of its analytical characteristics (linearity, precision, and recovery),
the method was used for quantitating BBI and lectin in different varieties of soybean [19].

17. Bowman-Birk (BBI) isoinhibitors

Two major soybean isoinhibitors,  IBB1 and IBBD2, were found in soybean. IBB1 inhibit‐
ed both trypsin and chymotrypsin while IBBD2 was trypsin-specific.  The median inhibi‐
tory concentration values of IBB1 and IBBD2 on HT29 colon cancer cell growth were not
significantly different  (39.9+/-2.3  and 48.3+/-3.5  M, respectively).  The distribution pattern
of  HT29  colon  cancer  cells  was  affected  by  BBI:  cells  remained  in  the  G0-G1  phase  of
the cell cycle [20].

18. Kunitz trypsininhibitor

Duranti et al described a method for the extraction and purification of Kunitz trypsin inhibi‐
tor from soybean seeds. The first step involved heat treatment of whole soybean seeds in
water at 60 oC for 90 min. It was found that 8.4% of total trypsin inhibitory activity of the
seeds was secreted during heat treatment. The aqueous medium was applied on an affinity
chromatography column with immobilized trypsin. The method is readily scalable to pilot
plant or industrial preparations [21].

19. Hemagglutinin

Soybean agglutinin (SBA) is a specific N-acetylgalactosamine-binding lectin that can aggluti‐
nate a number of cell types. SBA has potential for utilization as an affinity tag for high-quali‐
ty purification of tagged proteins, isolation of fetal cells from maternal blood for genetic
screening, screening and treatment of breast cancer, and use as a carrier system for oral drug
delivery. Tremblay et al employed transient and stable expression systems in potato and
Nicotiana benthamiana, respectively, for the production of recombinant SBA, with the trans‐
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genic protein accumulated to 0.3% and 4% of total soluble protein in potato tubers and Nic‐
otiana benthamiana leaves, respectively. Both rSBAs were able to resist degradation in
simulated gastric and intestinal fluids. High yield and purity of rSBA can be obtained by af‐
finity column chromatography using N-acetylgalactosamine as a specific ligand [22].

20. Glyceollins

Glyceollins produced from daidzein in soybeans cultured with fungi exert antifungal and can‐
cer preventive actions [23]. Isoflavones and metabolites serve as a mixed agonist/antagonist for
estrogen. Glyceollins suppress some cancer cells via anti-estrogenic activity. Estrogenic effects
of glyceollins have been demonstrated using E-screen assay and pS2 expression. Glyceollins ex‐
hibited higher affinity for estrogen receptor beta than estrogen receptor alpha. After Aspergillus
sojae infection glyceollins were more efficiently produced de novo in minced soybean than in
half-sliced soybean. Hence glyceollins may be useful for preventing or alleviating postmeno‐
pausal complications due to potent estrogenic activity, and their production could be varied de‐
pending upon processing prior to fungal inoculation [23].

21. EAR-motif-containing gene GmERF4

The ERF-associated amphiphilic repression (EAR) motif is vital for transcriptional repres‐
sion. The soybean protein GmERF4 contains one AP2/ERF domain, two putative nuclear lo‐
calization signal regions and one EAR motif. It is preferentially localized in the nuclei of
onion epidermis cells and bound specifically to the GCC box and DRE/CRT element in vitro.
Its expression was inducible by soybean mosaic virus, salt, cold, drought, ethylene, jasmonic
acid, and salicylic acid, and inhibited by abscisic acid. Constitutive expression of GmERF4 in
transgenic tobacco plants enhanced tolerance to salt and drought stresses compared with
wild-type plants, but did not elicit detectable resistance against bacterial infection [24].

22. Isoflavones

Contradictory reports are available on the influence of source of dietary protein and soy iso‐
flavones on blood pressure. Therefore, Gilani et al. conducted a study to examine whether
the source of dietary protein (casein vs. soybean protein, washed by alcohol to eliminate
most isoflavones), dietary extracted soybean isoflavones and anthocyanins modulate the
lifespan of Stroke-prone Spontaneously Hypertensive rats. The survival times and survival
rates of animals fed casein and soybean protein diets were not statistically different. Howev‐
er, there was a significant effect of isoflavone or anthocyanins supplementation on survival
times and survival rates. Death occurred significantly earlier in the isoflavones- or anthocya‐
nins-supplemented groups [25].
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23. Soybean resistant protein

The effect of soybean resistant protein on cholesterol levels in serum and the liver and fecal
steroid excretion was examined. The protein downregulated hepatic cholesterol, probably
because of elevated excretion of cholesterol and bile acids. The serum cholesterol level was
not different as between resistant protein and other soy-derived proteins [26].

24. Isoflavone-deprived soy peptide

NF-gammaB mediates processes of carcinogenesis related to deregulation of the normal con‐
trol of proliferation, angiogenesis, and metastasis. NF-gammaB suppression is associated
with cancer chemoprevention. Heat shock protein 90 is important to NF-gammaB activation
and stabilizes key proteins implicated in cell cycle control and apoptosis signaling. Adminis‐
tration of isoflavone-deprived soy peptide (3.3 g/rat/day) in the diet reduced the incidence
of 7,12-dimethylbenz[alpha]anthracene (DMBA)-induced rat mammary ductal carcinomas,
the number of tumors, and prolonged the latency period of tumor development compared
to control diet animals. Isoflavone-deprived soy peptide downregulates the expression of
heat shock protein 90, hence thwarting the signaling pathway that brings about NF-gammaB
activation.It upregulates the expression of p21, p53, and caspase-3 proteins; and downregu‐
lates the expression of VEGF. In keeping with in vivo, treatment with the soy peptide inhib‐
ited growth and induced apoptosis in human breast MCF-7 tumor cells. [27].

25. Neutral PR-5protein

A gene designated as Glycine max osmotin-like protein, b isoform (GmOLPb, accession no.
AB370233) encodes a putative protein with striking resemblance (89% identity) to chickpea
PR-5b. In contrast to the two acidic isoforms of soybean PR-5 protein (GmOLPa and P21),
GmOLPb possesses a C-terminal extension for possible vacuolar targeting and after matura‐
tion displays a calculated molecular mass of 21.9kDa and a pI of 6.0. Under conditions of
high-salt stress, GmOLPb was highly induced in the leaves 18-72h after onset of the stress.
Gene expression of P21e (a homolog of P21) was transiently induced by high-salt stress, but
this occurred prior to the gene expression of GmOLPa and GmOLPb. Differential expression
also was noted in studies employing methyl jasmonate and salicylic acid. These results sug‐
gested that each soybean PR-5 might have a unique function in the defensive system to pro‐
tect the soybean plant from stress imposed by high salt, especially in the leaves [28].

26. New defense gene

The SbPRP gene putatively encodes a bimodular protein with 126 amino acids similar to de‐
velopmentally regulated proteins in other plants. It has a distinct proline-rich domain (17
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amino acids) and a long hydrophobically cysteine-rich domain (84 amino acids). Its steady-
state mRNA level accumulated differentially in response to salicylic acid, and to the inocula‐
tion of soybean mosaic virus Sa strain. It responded to drought treatment and salt stress. It
appears that SbPRP plays a defense role in soybean [29].

27. SBTX, a new toxic protein distinct from soyatoxin

SBTX is a 44-kDa basic glycoprotein composed of a 27-kDa polypeptide chain and a 17-
kDa polypeptide chain linked by a  disulfide  bond.  The N-terminal  sequences  of  the  44
and 27 kDa chains  were identical.  The secondary structure  content  was 35  % alpha-he‐
lix,  13% beta-strand and beta-sheet,  27 % beta-turn,  25 % unordered,  and 1 % aromatic
residues.  SBTX  lacked  protease-inhibitory  and  hemagglutinating  activities,  but  was  im‐
munologically  related  to  other  toxic  proteins,  such  as  soyatoxin  and  canatoxin,  and
cross-reacted  weekly  with  soybean  trypsin  inhibitor  and  agglutinin.  It  inhibited  the
growth of  Cercospora sojina,  a  fungus causing frogeye leaf  spot in soybeans at  a concen‐
tration much lower than the lethal dose to mice. Thus it may be useful for the develop‐
ment of transgenic plants with augmented resistance to pathogens [30].

28. Ferritin

Soybean seed ferritin contains a great deal of bioavailable iron and is important for human
iron supplementation and prevention of anemia caused by iron deficiency. Dong et al [31]
employed a rapid and simple Escherichia coli expression system for producing the soybean
seed ferritin complex. The two subunits, H-2 and H-1, were encoded in a single plasmid,
and optimal expression was accomplished by coexpressing in addition a team of molecular
chaperones, trigger factor and GroEL-GroES. The His-tagged ferritin complex was purified
by Ni2+ affinity chromatography. An intact ferritin complex was obtained following His-tag‐
ged enterokinase digestion [31].

29. Peroxisomal proteins

Peroxisomal proteins comprise enzymes for metabolite transport, stress response, fatty acid
beta-oxidation, the glyoxylate cycle, and photorespiratory glycolate metabolism, an enoyl-
CoA hydratase/isomerase family protein, a short-chain dehydrogenase/reductase family
protein, 3-hydroxyacyl-CoA dehydrogenase-like protein, and a voltage-dependent anion-se‐
lective channel protein [32].
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30. Calmodulin

Calmodulin (CaM) plays a role in defense responses in plants. In soybean, induction of tran‐
scription of calmodulin isoform 4 (GmCaM4) occurred within half an hour following patho‐
gen stimulation. . Park et al utilized the yeast one-hybrid system to isolate two cDNA clones
encoding proteins (GmZF-HD1 and GmZF-HD2) which bind to a 30-nt A/T-rich sequence in
the GmCaM4 promoter, a region with two repeats of a conserved homeodomain binding
site, ATTA. The two proteins are members of the zinc finger homeodomain (ZF-HD) tran‐
scription factor family. A homeodomain motif, but not the two zinc finger domains, is capa‐
ble of binding to the 30-nt GmCaM4 promoter sequence. The interaction between GmZF-
HD1 and two homeodomain binding site repeats is subject to regulation by pathogen
stimulation. GmZF-HD1 can activate the expression of GmCaM4 through interaction with
the two repeats. Thus GmZF-HD1 and GmZF-HD-2 proteins are ZF-HD transcription fac‐
tors that activate GmCaM4 gene expression upon encounter with a pathogen [33].

31. Soybean disease resistance protein RHG1-LRR domain

RHG1 encoded by rhg1 was a soybean transmembrane receptor-like kinase (EC 2.7.11.1) with
an extracellular leucine-rich repeat (LRR) domain. The LRR of RHG1 was believed to be in‐
volved in elicitor recognition and interaction with other plant proteins. Afzal and Lightfoot ex‐
pressed the LRR domain in Escherichia coli (RHG1-LRR) and produce refolded protein [34].

32. ABC-transporter

A new ATP-binding cassette (ABC) transporter was identified as a salicylic acid-induced
gene from soybean in a subtractive suppression hybridization approach. The encoded 1447-
amino acid protein has two similar repeat units typical of full-size ABC transporters and a
close relationship to plant pleiotropic drug resistance (PDR)-type transporters. GmPDR12
responds quickly to salicylic acid, functional analogues of salicylic acid and methyl jasmo‐
nate. Salicylic acid is required for the hypersensitive reaction in soybean cell suspension cul‐
tures inoculated with Pseudomonas syringae pv. glycinea [35].

33. Beta-glucan-binding protein

Soybean beta-glucan-binding protein (GBP) binds a microbial cell wall elicitor, triggering
the activation of defense responses. It hydrolyzes beta-1,3-glucans present in the cell walls of
potential pathogens [36].
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34. Lunasin

Lunasin, a chemopreventive soybean peptide, suppresses transformation of mammalian
cells induced by chemical carcinogens and inhibits skin carcinogenesis in mice. All lunasin
fractions partially purified by anion exchange and immunoaffinity column chromatography
inhibit colony formation induced by the ras-oncogene and inhibit core H3-histone acetyla‐
tion. The peptide is found in different soybean varieties and commercially available soy pro‐
teins by Western blot analysis [37].

35. Pti1 homologue

A full-length Pti1-like gene GmPti1, encoding a protein of 366 amino acids with a Ser/Thr/Tyr
kinase domain, was identified from soybean in an EST sequencing project by its homology to to‐
mato Pti1. GmPti1 expression was inducible by wounding and salicylic acid. GmPti1 protein
was expressed in E. coli as an MBP fusion, purified by amylase resin and examined for its auto‐
phosphorylation ability. GmPti1 exhibited kinase activity in the presence of Mn2+ ions [38].

36. Glysojanin

A monomeric 25-kDa antifungal protein designated as glysojanin, with an N-terminal se‐
quence resembling a segment of chitin synthase, was isolated from the seeds of the black
soybean Glycine soja. The protein demonstrated potent antifungal activity against the fungi
Fusarium oxysporum and Mycosphaerella arachidicola. It inhibited [methyl-3H]thymidine incor‐
poration by mouse spleen cells with an IC50 of 175 M, translation in the rabbit reticulocyte
lysate with an IC50 of 20 M, and HIV-1 reverse transcriptase with an IC50 of 47 M [39].

37. Syringolide-induced/ HCD associated proteins

Syringolide elicitors produced by bacteria expressing Pseudomonas syringae pv. glycinea aviru‐
lence gene D (avrD) induce hypersensitive cell death (HCD) only in soybean (Glycine max [L.]
Merr.) plants carrying the Rpg4 disease resistance gene. Employing a differential display meth‐
od, we isolated 13 gene fragments induced in cultured cells of a soybean cultivar Harosoy (Rpg4)
treated with syringolides. Several genes for isolated fragments were induced by syringolides in
an rpg4 cultivar Acme as well as in Harosoy; however, the genes for seven fragments designat‐
ed as SIH (for syringolide-induced/HCD associated) were induced exclusively or strongly in
Harosoy. cDNA clones for SIH genes were obtained from a cDNA library of Harosoy treated
with syringolide. Several sequences are homologous to proteins associated with plant defense
responses. The SIH genes did not respond to a non-specific beta-glucan elicitor, which induces
phytoalexin accumulation but not HCD, suggesting that the induction of the SIH genes is specif‐
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Harosoy. cDNA clones for SIH genes were obtained from a cDNA library of Harosoy treated
with syringolide. Several sequences are homologous to proteins associated with plant defense
responses. The SIH genes did not respond to a non-specific beta-glucan elicitor, which induces
phytoalexin accumulation but not HCD, suggesting that the induction of the SIH genes is specif‐
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ic for the syringolide-Harosoy interaction. HCD and the induction of SIH genes by syringolides
were independent of H2O2. On the other hand, Ca2+ was required for HCD and the induction of
some SIH genes. These results suggest that the induction of SIH genes by syringolides could be
activated through the syringolide-specific signaling pathway and the SIH gene products may
play an important role(s) in the processes of HCD induced by syringolides [40].

38. Anticarcinogenicdaidzein-rich fraction

Partial purification of the methanol extract of soybean powder, by employing solvent frac‐
tionation and silica gel chromatography, yielded an active fraction rich in daidzein with an
active component(s) that enhanced HL-60 cell differentiation. The fraction appeared to exert
cytotoxic activity via an apoptotic pathway as evidenced by DNA fragmentation and cas‐
pase-3 induction. It also upregulated TGF-beta2 expression, but did not affect the expression
of other members of the TGF-beta family of cytokines and their receptors, or on the expres‐
sion of the vascular endothelial growth factor gene [41].

39. Phenylalanine ammonia-lyase and tyrosineammonia-lyase

Key enzymes of the phenylpropanoid pathway including phenylalanine ammonia-lyase and
tyrosine ammonia-lyase are induced in response to biotic (such as chitin from fungal cell
walls) and abiotic cues. The elevation of enzyme activity enzymes following application of
chitin and chitosan to soybean leaf tissues was dependent on the chain length of the oligom‐
ers and time post-treatment. Treatment with chitin hexamer and chitosan pentamer pro‐
duced the maximal activities at 36 h. Total phenolic content of soybean leaves rose,
indicating a positive correlation between enzyme activity and total phenolic content [42].

40. Defense-related enzymes

A new class of bacteriocin (class IId) stimulates plant growth in a way analogous to Nod fac‐
tors which have been shown to provoke aspects of plant disease resistance. Cut stems of
soybean seedlings at the first trifoliate stage were exposed to the bacteriocin solutions Phe‐
nylalanine ammonia lyase (PAL) activity, superoxide dismutase (SOD) activity, and one
APX isozyme (28kDa isoform) level in bacteriocins thuricin 17 (T17)-treated leaves peaked at
72h after treatment. At 72h post-treatment, compared with the control, guaiacol peroxidase
(POD) activity in leaves exposed to T17 and bacteriocin bacthuricin F4 (BF4) rose by 72.7
and 91.3%, respectively; ascorbate peroxidase (APX) activity increased by 52.3 and 49.6%;
and SOD activity was elevated by 70.5 and 60.2%, respectively. The 33-kDa polyphenol oxi‐
dase isozyme was induced strongly by both bacteriocins. Thus class IId bacteriocins can act
as an inducer of plant disease defense-related enzymes and may employ mechanisms simi‐
lar to Nod factors [43].
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41. Cysteine proteinase

Two cDNAs, were isolated from the cotyledons of growing soybean seedlings by cDNA rep‐
resentational difference analysis (cDNA RDA) and rapid amplification of cDNA ends
(RACE). Both CysP1 and CysP2 encode a cysteine proteinase (CPR) with a C-terminal KDEL
motif. CysP1 and CysP2 were expressed from 6 days to 13 or 14 days after germination in
the cotyledons of growing seedlings and in the root, flower and pod of soybean plants [44].

Two types of cysteine proteases, low-specificity enzymes from the papain family and Asn-
specific enzymes from the legumin family, are endopeptidases that play a role in the degra‐
dation of seed storage proteins during early growth of seedlings. The action of the enzymes
(CPPh1 and LLP, respectively) from the common bean (Phaseolus vulgaris L.) on the common
bean storage protein phaseolin, and on the homologous soybean storage protein beta-con‐
glycinin, has been examined. The two most active proteinases detected in common bean
seedlings individually cannot bring about extensive degradation of phaseolin. However, the
successive action of LLP and CPPh1 leads to extensive hydrolysis of phaseolin. CPPh1 ac‐
complished extensive hydrolysis of beta-conglycinin [45].

42. Isoflavone synthase

Isoflavonoids are secondary metabolites important in nodulation and defense responses.
They have a common occurrence in leguminous plants. Isoflavone synthase (IFS) catalyzes
the key entry point step of isoflavone biosynthesis from the general phenylpropanoid path‐
way. IFS transcripts were detected in seeds and roots. The transcript levels of the isoforms
IFS1 and IFS2 are altered in response to Bradyrhizobium japonicum or salicylic acid. The ex‐
pression pattern of IFS1 in soybean is indicative of the roles of isoflavonoids in defense
against pathogens and signal molecules to symbiotic bacteria [46].

43. UDP-glucose:Flavonoid 3-O-glucosyltransferase

The seed coats of black soybean accumulate red (cyanidin-based), orange (pelargonidin-
based) blue (delphinidin-based), purple (petunidin-based), and anthocyanins almost exclu‐
sively as 3-O-glucosidesThe full-length cDNA encoding UDP-glucose:flavonoid 3-O-
glucosyltransferase (UGT78K1), the enzyme which catalyzes the last step in anthocyanin
biosynthesis, was isolated from black soybean seed coat using rapid amplification of cDNA
ends (RACE). The recombinant enzyme glucosylated only anthocyanidins and flavonols
with 3-OH regiospecificity. Galactose could also be transferred, albeit with relatively low ac‐
tivity, to the 3-position of cyanidin or delphinidin in vitro. The results are consistent with the
presence of mainly 3-O-glucosylated and minor amounts of 3-O-galactosylated anthocya‐
nins in the black soybean seed coat. The recombinant enzyme exhibited pronounced sub‐
strate inhibition by cyanidin at 100 M acceptor concentration. The accumulation of
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anthocyanins and flavonols was reinstated by transfer of UGT78K1 into the Arabidopsis T-
DNA mutant (ugt78d2) lacking in anthocyanidin and flavonol 3-O-glucosyltransferase activ‐
ity, signifying the role of the enzyme as a flavonoid 3-O-glucosyltransferase. Genomic and
phylogenetic analyses suggest the presence of three additional soybean sequences with re‐
markable homology to UGT78K1. RT-PCR confirmed the co-expression of one of these genes
(Glyma08g07130) with UGT78K1 in the black soybean seed coat, suggesting possible func‐
tional redundancies in anthocyanin biosynthesis in this tissue [47].

44. Beta-glucosidase

A novel 75-kDa beta-glucosidase with strict specificity toward glucosyl isoflavones but not
malonylglucosidic conjugates of soybean isoflavones, was isolated from soybean. Its N-ter‐
minal amino acid sequence EYLKYKDPKA closely resembled those of maize and wheat gly‐
cosidases. Its optimal temperature and pH were 45 degrees C and 4.5, respectively. It was
completely inhibited by 1 mM Hg2+ or 10 mM Al3+ ion, and glucose and mannose also affect‐
ed the activity [48].

45. Isoflavone conjugate-hydrolyzing beta-glucosidase

Soybeans excrete  from the roots  isoflavones,  which are  involved in  plant-microbe inter‐
actions such as symbiosis  and as a defense against  infections.  The release of  free isofla‐
vones  from  their  conjugates,  the  latent  forms,  is  catalyzed  by  an  isoflavone  conjugate-
hydrolyzing  beta-glucosidase.  The  purified  enzyme,  isoflavone  conjugate-hydrolyzing
beta-glucosidase  from (GmICHG),  is  a  homodimeric  116-Da glycoprotein  capable  of  di‐
rectly hydrolyzing genistein 7-O-(6 ''-O-malonyl-beta-d-glucoside) to yield free genistein.
GmICHG cDNA is highly expressed in the seedling roots but only very weakly in coty‐
ledons and hypocotyls. The enzyme is exclusively localized in the cell wall and intercel‐
lular  space  of  seedling  roots,  especially  in  the  cell  wall  of  root  hairs.  GmICHG  is  a
member of glycoside hydrolase family 1 [49].

46. Isocitratelyase

A four-stage purification procedure comprising ammonium sulfate precipitation and ion ex‐
change chromatography on DEAE cellulose has been elaborated for isolation of isocitrate
lyase (EC 4.1.3.1) isoforms from soybean cotyledons, the isoform that migrated quickly in
PAAG had a much lower affinity to isocitrate (KM - 50 M) than the slowly migrating form
(KM - 16 M). The conservation of activity of the isoforms obtained depends on the presence
of divalent cations (Mn2+ and Mg2+) in the medium. It is suggested to use the isoforms of iso‐
citrate lyase isolated from soybeans for the development of biosensors for biochemical and
kinetic assays [50].
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47. Vestitonereductase and chalconereductase

The complete mRNA sequences of two soybean genes-vestitone reductase and chalcone re‐
ductase, were amplified using the rapid amplification of cDNA ends methods. Soybean ves‐
titone reductase gene encodes a 327 amino-acid protein with pronounced resemblance to
Medicago sativa vestitone reductase. The soybean chalcone reductase gene encodes a 314 ami‐
no-acid protein highly homologous to the kudzu vine and medicago sativa chalcone reduc‐
tases. The two genes were differentially expressed in soybean embryos and endosperm,
flowers, leaves, stems, and roots [51].

48. Genes related to 2-oxoglutarate-dependentdioxygenases

A screening for genes involved in root nodule senescence has resulted in the isolation of the
senescence-associated nodulin 1 (SAN1) multigene family from soybean. The SAN1-encod‐
ed proteins display sequence resemblance and highly conserved motifs with plant 2-oxoglu‐
tarate-dependent dioxygenases (2-ODDs). SAN1A is downregulated whereas SAN1B is
upregulated during senescence induced by treatment with fixed nitrogen or darkness. The
expression of the SAN1genes is not found only in nodules, signifying a more general role in
plant metabolism [52].

49. 5'-adenylylsulfate reductase

Soybean seeds contain only low levels of sulfur-containing amino acids. Although expressed
in various tissues throughout the plant, there is an abundant expression of the APS reduc‐
tase gene and activity of the encoded protein in the early developmental stages of soybean
seed, which decreases as the seed matures. Sulfur and phosphorus deprivation and cold-
treatment elevate the expression level, while nitrogen starvation reduces APS reductase
mRNA transcript and protein levels. This study allows an insight into the sulfur assimila‐
tion pathway [53].

50. Soybean ATP sulfurylase

Analysis  of  the  ATP  sulfurylase  ATPS  clone  isolated  from  a  soybean  seedling  cDNA
library  revealed  an  open-reading  frame,  encoding  a  52-kDa  polypeptide  with  an  N-
terminal  chloroplast/plastid  transit  peptide.  ATP  sulfurylase  mRNA  was  present  with
the  highest  abundance  in  root  tissue.  mRNA  accumulated  and  the  specific  activity  of
ATP  sulfurylase  in  root  tissue  was  enhanced  by  cold  treatment.  The  transcript  levels
and  specific  activity  of  the  enzyme  dropped  during  the  later  stages  of  seed  develop‐
ment.  Augmenting  the  expression  levels  of  this  key  enzyme  during  soybean  seed  de‐
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velopment  could  increase  the  availability  of  sulfur  amino  acids  and  elevate  the
nutritional  value  of  the  crop  [54].

51. Polysaccharides

Soluble  soybean  polysaccharide  (SSPS)  was  fractionated  into  two  sub-fractions,  a  high-
molecular-weight  fraction  (HMF)  and  a  low-molecular-weight  fraction  (LMF)  by  the
ethanol-extraction  method.  The  major  constituent  of  HMF  was  a  large  polysaccharide
with  covalently-attached  peptides,  probably  corresponding  to  the  intact  SSPS  mole‐
cule.  LMF  was  composed  of  free  peptides  and  saccharides  of  small  size,  which  might
have  occurred  as  by-products  during  the  process  of  SSPS  production.  HMF  exhibited
high  ability  to  emulsify  oil  droplets  and  stabilize  alpha-casein  dispersions  in  an  acid‐
ic  pH  region.  LMF  showed  lower  activity  in  this  regard  although  but  it  had  higher
potency  in  preventing  the  oxidation  of  emulsified  lipids.  The  data  indicate  that  HMF
and  LMF  possess  dissimilar  structural  and  functional  characteristics,  and  that  the
combination  of  the  two  sub-fractions  displays  the  multiple  functions  of  commercial
SSPS  [55].

52. Conclusion

The foregoing account has shown a constellation of bioactive constituents in soybean. They
include enzymes that catalyze crucial steps in metabolic pathways, and also nonenzymatic
proteins with important activities such as defense. Storage proteins in soybean like glycinin
and conglycinin exhibit health promoting activities. Other proteins and peptides have blood
pressure lowering and anticarcinogenic activities. It is anticipated that more components
with potentially exploitable activities will be discovered and more applications of these soy‐
bean components to the benefit of mankind will be found.
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Chapter 12

Cell Death Signaling From the Endoplasmic Reticulum
in Soybean

Pedro A.B. Reis and Elizabeth P. B. Fontes

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52711

1. Introduction

Plants are constantly subjected to adverse environmental conditions, such as extremes of
temperature, cold, salinity and drought. As a consequence, plant cells have developed coor‐
dinated and integrated mechanisms that respond to these injuries and are immediately acti‐
vated upon stresses. To cope with the stress, cell signaling pathways are activated and
promote up or down regulation of specific genes, which minimize the deleterious effect of
stresses within the cell. The endoplasmic reticulum (ER) is a key signaling organelle in‐
volved in the activation of cellular stress responses in eukaryotic cells. One such well-char‐
acterized signaling event is the unfolded protein response (UPR), which is activated to cope
with the disruption of ER homeostasis that results in the accumulation of unfolded or mis‐
folded proteins in the lumen of the organelle. Upon disruption of ER homeostasis, plant
cells activate at least two branches of the unfolded protein response (UPR) through IRE1-
like (Inositol-Requiring Enzyme 1) and ATF6-like (Activating Transcription factor 6) trans‐
ducers, resulting in the up-regulation of ER-resident molecular chaperones and the
activation of the ER-associated degradation protein system. However, if ER stress is sus‐
tained, an apoptotic pathway is activated. Persistent ER stress has been shown to trigger
both ER-stress specific apoptotic pathways and shared PCD (programmed cell death) signal‐
ing pathways elicited by other death stimuli. One plant-specific, ER stress-shared response
is the ER and osmotic stress-integrated signaling, which converges on N-rich proteins
(NRPs) to transduce a cell death signal. NRP-mediated cell death signaling is a distinct,
plant-specific branch of the ER stress pathway that has been shown to integrate the ER and
osmotic stress signals into a full response. This ER- and osmotic-stress induced cell death
signaling pathway has been uncovered in soybean and constitutes the major focus of this
chapter. A second cell death pathway induced by ER stress has been shown to be mediated
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by the G protein in Arabidopsis, but it remains to be determined whether it operates in soy‐
bean as well.

2. ER stress response: The cytoprotective unfolded protein response

The ER is a highly dynamic organelle, which mediates several cellular functions, such as the
folding and post-translational modification of secretory proteins and protein quality control
in addition to maintaining Ca2+ homeostasis (Schröder 2008). The loading of unfolded pro‐
tein in the lumen of ER for maturation is tightly controlled and dependent on the cellular
requirements. Under stress conditions, the folding capacity of the ER can be overloaded
causing the accumulation of unfolded proteins and disruption of cellular homeostasis (Xu,
Bailly-Maitre & Reed 2005). To cope with this stress condition, eukaryotic cells evolved a so‐
phisticated signaling mechanism referred to as unfolded protein response (UPR; Malhotra
and Kaufman., 2007). In mammalian cells, the UPR is transduced through three distinct ER-
transmembrane sensors: PERK (protein kinase RNA-like ER kinase), Ire1 (inositol-requiring
enzyme-1) and the basic leucine zipper transcription factor ATF6 (activating transcription
factor-6; Ron and Walter, 2007; Malhotra and Kaufman, 2007, Kapoor and Sanyal, 2009). The
activation of the UPR allows the ER processing and folding capacities to be balanced with
protein loading into the lumen of the organelle under conditions of ER stress (Malhotra and
Kaufman, 2007). This balance is achieved by (i) shutting down protein synthesis via PERK
activation, (ii) up-regulating the expression of ER-resident processing proteins, such as mo‐
lecular chaperones and foldases, via activation of Ire1 and ATF6, and (iii) inducing the ER-
associated protein degradation (ERAD) machinery, through activation of Ire1, which
mediates the targeting and subsequent degradation of unfolded proteins by the proteosome.
However, if the ER stress is sustained, multiple apoptotic pathways can be activated in
mammalian cells.

In plants, the UPR seems to operate as a bipartite module, as the ER stress signal is trans‐
duced through homologs of the Ire1 and ATF6 transducers, but a PERK-mediated branch of
the UPR has not been shown (Urade 2009; Chen and Brandizzi., 2012). Two components of
the Ire1-mediaded branch of the UPR is known. The first one is the Ire1 ortholog that is rep‐
resented by two copies in the Arabidopsis genome, Ire1a and Ire1b, and one copy, OsIre1, in
the rice genome. Like the mammalian counterpart, plant Ire1 is associated with the ER mem‐
brane and exhibits ribonuclease activity and autophosphorylation activities, as shown for
Ire1a, Ire1b and OsIre1(Koizumi et al., 2001; Okushima et al., 2002). The second component
is ER membrane-associated transcription factor bZIP60. Upon ER stress, bZIP60 mRNA is
spliced in an IRE1-mediated process to generate an alternatively spliced transcript that lacks
the transmembrane domain-encoding sequences (Liu et al., 2007 e 2008 ; Deng et al., 2011;
Nagashima et al., 2011). This splicing leads to the synthesis of a soluble and functional
bZIP60 transfactor that can be translocated to the nucleus, where it activates ER stress indu‐
cible promoters, such as the BiP3 promoter. Likewise, OsbZIP74 or OsbZIP50 from rice, an
ortholog of Arabidopsis AtbZIP60, is regulated through the IRE1-mediated splicing of its
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RNA to render the activation of ER stress-inducible promoters (Hayashi et al., 2011; Lu et
al., 2011).

The second branch of UPR in plants mechanistically resembles the ATF6-mediated transduc‐
tion of the ER stress signal. Upon ER stress, the membrane-associated Arabidopsis ATF6 ho‐
mologs bZIP17 and bZIP28 are relocated to the Golgi, where their transcriptional domains
are proteolytically released from the membrane by SP2 (Tajima et al., 2008: Che et al., 2010).
The released bZIP domain of these transfactors is then translocated to the nucleus, where it
acts in concert with the heterotrimeric NF-Y complex to activate UPR genes (Liu e Howel.,
2010). The NF-Y complex is composed the transcriptional factors NF-YA4, NF-YB3 and NF-
YC2.

Comprehensive genome-wide evaluations of ER stress-induced changes in gene expression
have provided evidence that the UPR operates in a similar fashion in both soybean and Ara‐
bidopsis (Irsigler et al., 2007). Inducers of ER stress, such as tunicamycin and AZC, promote
the up-regulation of a class of genes that functions in protein folding and ERAD. In the pro‐
tein folding category, the up-regulated genes include ER-resident molecular chaperones
such as BiP, calreticulin, calnexin, and the folding catalyst protein disulfide isomerase (PDI).
ERAD-associated genes that are up-regulated by ER stress in soybean include those encod‐
ing polyubiquitin, ubiquitin conjugating enzyme, the alpha subunit of the proteasome,
CDC48 and Derlin. These genomic analyses suggested that soybean, like Arabidopsis, have
evolved at least two different mechanisms that mediate UPR: (i) transcriptional induction of
genes encoding chaperones and vesicle trafficking proteins and (ii) upregulation of the ER-
associated protein degradation (ERAD) system for rapid disposal of unfolded proteins in
the ER as a protective measure.

In addition to the cytoprotective bipartite response to ER stress in plants, two apparently
distinct branches of the ER stress-induced pathways have been shown to transduce a cell
death signal: (i) the ER membrane associated Gβ-Gγ heterodimer-mediated signaling events
that trigger UPR-associated cell death in Arabidopsis (Wang et al., 2007) and (ii) the ER stress-
induced NRP-mediated cell death response that has been uncovered in soybean (Reis and
Fontes, 2012).

3. The ER-stress-induced NRP-mediated cell death response

NRP-mediated cell death signaling is a distinct, plant-specific branch of the ER stress path‐
way that has been uncovered in soybean and has been shown to integrate the ER and osmot‐
ic stress signals into a full response. This integrative pathway was first identified through
genome-wide approaches and expression profiling, which revealed the existence of a mod‐
est overlap of the ER and osmotic stress-induced transcriptomes in soybean seedlings treat‐
ed with PEG (an inducer of osmotic stress) or tunicamycin and AZC (potent inducers of ER
stress; Irsigler et al., 2007). The co-regulated genes were first considered to be downstream
targets of the integrated pathway based on similar induction kinetics and a synergistic re‐
sponse to the combination of osmotic and ER stress-inducing treatments. Based on these cri‐
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teria, the selected downstream components of this ER and osmotic stress response-
integrating pathway encode proteins with diverse roles, such as plant-specific development
and cell death (DCD) domain-containing proteins (NRP-A and NRP-B), an ubiquitin-associ‐
ated (UBA) protein homolog and NAC domain-containing proteins (GmNAC6). Among
them, NRP-A and NRP-B were the first ones to be characterized and to show to induce a cell
death response when ectopically expressed in tobacco leaves or soybean protoplasts (Costa
et al., 2008). As a consequence, the ER and osmotic stress response-integrating pathway has
been designated as the NRP-mediated cell death response.

An upstream component of the NRP-mediated cell death response, GmERD15 (Glycine max
Early Responsive to Dehydration 15), has been recently identified using one-hybrid screen‐
ing that targeted the NRP-B promoter in yeast (Alves et al., 2011). GmERD15 is induced by
ER and osmotic stress to activate the expression of NRP genes (NRP-A and NRP-B). Up-reg‐
ulation of NRP-B leads to the induction of an NAC domain-containing protein, GmNAC6,
which is a critical mediator of stress-induced cell death in plants (Faria et al., 2011). These
components of the ER stress-induced NRP-mediated cell death signaling pathway,
GmERD15, NRPs and GmNAC6, have been further characterized.

3.1. GmERD15 is a ssDNA binding transcriptional activator

The Early Responsive Dehydration (ERD) genes are rapidly induced in response to water
deficit and form a family comprised by ERD1 to ERD16 representatives. The ERD encoded
proteins exhibit diverse and heterogeneous biochemical functions and fall into different
classes of proteins, such as chloroplast ATP-dependent protease (ERD1), cytosolic HSP70
(ERD2), glutationa-S-transferases (ERD9,ERD11, ERD13) among others (Soitano et al., 2008;
Kiyosue et al., 1994; Kiyosue et al., 1993). ERD15 was first identified in Arabidopsis as a hy‐
drophilic protein that possesses a PAM2 domain that interacts with polyA-binding proteins
(PABP11; Kiyosue et al., 1994; Kariola et al., 2006)., ERD15 has been shown to function as a
negative regulator of the abcisic acid (ABA)-mediated response (Kariola et al., 2006). Over‐
expression of ERD15 reduces the ABA sensitivity of Arabidopsis, whereas silencing of
ERD15 by RNAi promotes hypersensitivity to the hormone. The negative effect of ERD15 on
ABA signaling enhances salicylic acid-dependent defense because overexpression of ERD15
was associated with increased resistance to the bacterial necrotroph Erwiniacarotovora, and
the enhanced induction of marker genes for systemic acquired resistance. These results are
consistent with the observed antagonistic effect of ABA on salicylic acid-mediated defense
and may implicate ERD15 as a shared component of these responses.

The soybean GmERD15 homolog has been described as a new ER stress- and osmotic stress-in‐
duced transcription factor that binds to the promoter and induces the expression of the NRP-B
gene. In fact, GmERD15 was isolated by its capacity to associate stably with the promoter of
NRP-B in yeast cells using the one-hybrid system (Alves et al., 2011). The GmERD15 binding
site  in  the  NRP-B  promoter  was  mapped  to  a  12-bp  palindromic  sequence  (511  AG‐
CAnnnnTGCT -500) that resembles binding sites for ssDNA binding proteins, such as NF1C
and PBF2 that recognize the sequences -TTGGCnnnnnGCCAA-3' and 5- TGACAnnnnTGT‐
CA-3’, respectively (Wang and Kiledjian., 2000). Furthermore, GmERD15 is located in the nu‐
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Early Responsive to Dehydration 15), has been recently identified using one-hybrid screen‐
ing that targeted the NRP-B promoter in yeast (Alves et al., 2011). GmERD15 is induced by
ER and osmotic stress to activate the expression of NRP genes (NRP-A and NRP-B). Up-reg‐
ulation of NRP-B leads to the induction of an NAC domain-containing protein, GmNAC6,
which is a critical mediator of stress-induced cell death in plants (Faria et al., 2011). These
components of the ER stress-induced NRP-mediated cell death signaling pathway,
GmERD15, NRPs and GmNAC6, have been further characterized.

3.1. GmERD15 is a ssDNA binding transcriptional activator

The Early Responsive Dehydration (ERD) genes are rapidly induced in response to water
deficit and form a family comprised by ERD1 to ERD16 representatives. The ERD encoded
proteins exhibit diverse and heterogeneous biochemical functions and fall into different
classes of proteins, such as chloroplast ATP-dependent protease (ERD1), cytosolic HSP70
(ERD2), glutationa-S-transferases (ERD9,ERD11, ERD13) among others (Soitano et al., 2008;
Kiyosue et al., 1994; Kiyosue et al., 1993). ERD15 was first identified in Arabidopsis as a hy‐
drophilic protein that possesses a PAM2 domain that interacts with polyA-binding proteins
(PABP11; Kiyosue et al., 1994; Kariola et al., 2006)., ERD15 has been shown to function as a
negative regulator of the abcisic acid (ABA)-mediated response (Kariola et al., 2006). Over‐
expression of ERD15 reduces the ABA sensitivity of Arabidopsis, whereas silencing of
ERD15 by RNAi promotes hypersensitivity to the hormone. The negative effect of ERD15 on
ABA signaling enhances salicylic acid-dependent defense because overexpression of ERD15
was associated with increased resistance to the bacterial necrotroph Erwiniacarotovora, and
the enhanced induction of marker genes for systemic acquired resistance. These results are
consistent with the observed antagonistic effect of ABA on salicylic acid-mediated defense
and may implicate ERD15 as a shared component of these responses.

The soybean GmERD15 homolog has been described as a new ER stress- and osmotic stress-in‐
duced transcription factor that binds to the promoter and induces the expression of the NRP-B
gene. In fact, GmERD15 was isolated by its capacity to associate stably with the promoter of
NRP-B in yeast cells using the one-hybrid system (Alves et al., 2011). The GmERD15 binding
site  in  the  NRP-B  promoter  was  mapped  to  a  12-bp  palindromic  sequence  (511  AG‐
CAnnnnTGCT -500) that resembles binding sites for ssDNA binding proteins, such as NF1C
and PBF2 that recognize the sequences -TTGGCnnnnnGCCAA-3' and 5- TGACAnnnnTGT‐
CA-3’, respectively (Wang and Kiledjian., 2000). Furthermore, GmERD15 is located in the nu‐
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cleus, and chromatin immunoprecipitation (ChIP) assays revealed that it binds to the NRP-B
promoter in vivo (Alves et al., 2011). The ectopic expression of GmERD15 in soybean cells acti‐
vates the NRP-B promoter and induces NRP-B expression. Collectively, these results indicate
that GmERD15 functions as an upstream component of the NRP-mediated cell death signal‐
ing pathway that is induced by ER stress and osmotic stress

3.2. NRPs: Molecular and functional characterization

The N Rich Protein (NRP) gene was first identified by its rapid induction in response to
pathogen incompatible interactions in soybean (Ludwig and Tenhaken, 2001). The NRP des‐
ignation was derived from its high content of asparagine residue, about 25 %. NRP is repre‐
sented in the soybean genome by a small family of three genes: NRP-A, NRP-B and NRP-C.
The encoded proteins share a highly conserved development and cell death (DCD) domain
at the C-terminal portion in addition to a high content of asparagine residues at their more
divergent N termini. The asparagine rich domain is not well characterized but harbors puta‐
tive glycosylation and myristoylation sites that may be relevant for function. The DCD do‐
main is found exclusively in plant proteins and it is composed of about 130 amino acid
residues, organized into several conserved motifs: FGLP and LFL in the N-treminal region
of the domain, PAQV and PLxE at its C-terminus (Tenhaken et al; 2005). DCD domain-con‐
taining proteins may be subdivided into four groups, according to the localization of the
DCD domain in the primary structure. NRPs belong to the the subgroup I of DCD domain-
containing family of proteins, as their domains are located at the C-terminal portion of the
protein (Tenhaken et al; 2005).

NRPs are critical mediators of ER and osmotic stress-induced cell death in soybeans (Costa et
al., 2008). The cell death response mediated by NRPs resembles a programmed cell death
event. The overexpression of NRPs in soybean protoplasts induces caspase-3-like activity and
promotes extensive DNA fragmentation. Furthermore, the transient expression of NRPs in
plants causes leaf yellowing, chlorophyll loss, malondialdehyde production, ethylene evolu‐
tion and the induction of senescence marker genes, which are hallmarks of leaf senescence.

NRPs are up-regulated by ER or osmotic stress but need both stress signals for full induction
(Isrigler et al., 2007). This synergistic interaction of both signals upon NRP induction indi‐
cates that the ER stress and osmotic stress responses converge at the level of gene expression
to potentiate a NRP-mediated cell death response (Costa et al., 2008). NRPs are also up-
regulated by other abiotic and biotic signals, such as salt stress, oxidative stress and patho‐
gens. Because the NRP-mediated cell death signaling pathway represents a shared response
to multiple stress signals in plants, it might permit coordinate adaptive cellular responses
under a large array of stress conditions

3.3. GmNAC6 as a downstream component of the NRP-mediated cell death response

NAC domain-containing proteins are plant-specific transcriptional factors that are ex‐
pressed in several tissues and developmental stages. The NAC transfactors are organized in‐
to a general structure that consists of a highly conserved N-terminal domain involved in
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DNA binding (called NAC domain) and a C-terminal region highly divergent in sequence
and length that functions as the activation domain. The NAC domain was derived from
comparison of consensus sequences among NAM from Petunia, ATAF1/2 and CUC2 from
Arabidopsis (Souer et al., 1996.). It comprises nearly 160 amino acid residues, divided into
five subdomains (A–E) exhibiting a negative net charge and a nuclear localization signal
(Xie et al., 1999; Seoet al., 2008). The subdomains A, C and D are conserved among plant
species whereas B and E subdomains are variable (Ooka et al., 2003). The C- terminus har‐
bors a protein-protein interaction domain in some NAC-containing proteins while a trans‐
membrane domain is present in other transcriptional factors (Seo et al., 2008). Therefore, the
NAC family is comprised by both soluble, nuclear transactivators and membrane proteins.

The members of the NAC gene family are involved in a variety of developmental events and
defense responses, such as shoot apical meristem formation and maintenance (SAM; Aida et
al., 1997; Souer et al.,1996; Weir et al., 2004), hormone signaling (Fujita et al., 2004; Xie et al.,
2000), response to pathogen infection (Ren et al., 2000; Selth et al., 2005; Xie et al., 1999), leaf
senescence (John et al., 1997) and response to different abiotic stresses (Hegedus et al., 2003;
Tran et al.,2004).

The soybean NAC family is comprised by 180 putative sequences of NAC domain-contain‐
ing proteins, which display different expression profiles in response to distinct environmen‐
tal stress conditions and developmental signals (Mochida et al.,2009; Mochida et al., 2010;
Wang et al., 2010). Frequently, the stress-induced expression profile of the soybean NAC
genes reflects the functional profile of the encoded protein (Pinheiro et al., 2009). GmNAC6
was identified by its synergistic induction in response to a combined treatment of inducers
of osmotic stress (polyethylene glycol) and ER stress (tunicamycin) and was functionally
linked to the NRP-mediated cell death response (Faria et al., 2011). Transient expression of
GmNAC6 promotes cell death and hypersensitive-like responses in planta. GmNAC6 and
NRPs also share overlapping responses to biotic signals, but the induction of NRPs peaks
before the increased accumulation of GmNAC6 transcripts. Consistent with the delayed ki‐
netics of GmNAC6 induction, increased levels of NRP-A and NRP-B transcripts induce pro‐
moter activation and the expression of the GmNAC6 gene. Therefore, GmNAC6 is
biochemical and functionally linked to the ER stress- and osmotic stress-integrating cell
death response, in which it acts downstream of the NRPs.

GmNAC6 encodes a 33kDa protein that belongs to the TERN (Tobacco elicitor-responsive
gene encoding NAC domain protein) group of the NAC family, which is induced by elici‐
tors of the pathogen response (Ooka et al.,2003). Likewise, GmNAC6 is induced by the
pathogenic bacteria Pseudomonas syringaepatovar tomato which elicits an incompatible interac‐
tion in soybean and by cell wall-degrading enzymes, which mimic bacterial pathogen attack.
Like GmNAC6, the other components of the ER- and osmotic-stress induced cell death sig‐
naling pathway, GmERD15 and NRPs, are also induced by other biotic and abiotic signals,
such drought and pathogen incompatible interactions. Therefore, the activation of the NRP-
mediated senescence-like response is not specific to ER stress or osmotic stress but is, rather,
a shared branch of general environmental adaptive pathways.
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1. Introduction

The worldwide importance of soybean and the main limitations to crop yields

Because of its potential for large-scale production, soybean (Glycine max (L.) Merrill) has ex‐
celled in the world agricultural economy as a major oilseed crop. At present, soybeans are
grown primarily for oil extraction and for use as a high protein meal for animal feed (Singh
& Shivakumar, 2010). According to Li-Juan & Ru-Zhen (2010), soybean has a protein content
of approximately 40% and an oil content of approximately 20%. In 2010, the area planted
with soybeans worldwide was 102.4 million hectares, with total production of 261.6 million
tons in the same year (Faoestat, 2012). This crop is currently being produced around the
world, including in much of North America, South America and Asia. The U.S. and Brazil
are the world's largest producers and exporters of soybean (Kumudini, 2010).

According to Mutei (2011), with the increasing world population, which is expected to reach
nine billion people by 2050, the worldwide production of food should increase by 70% to
ensure food security, which should be achieved through growth in productivity, rather than
simply through the expansion of cultivation areas. Câmara & Heiffing (2000) indicate that to
obtain increases in soybean yields, it is necessary to understand the interaction between cul‐
tivars and the production environment. Based on these factors, crop management can be ad‐
justed to achieve proper development of plants in each production environment. Soybean is
very responsive to environmental conditions, and the main climatic factors affecting its crop
yields include the photoperiod, which influences the availability of full light, temperature
and water availability (Mundstock & Thomas, 2005).
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Although the effects of various environmental factors interfere with the performance of
crops, water restriction is the main limiting environmental factor that contributes to the fail‐
ure to obtain maximum soybean yields (Casagrande et al, 2001), influencing the use of other
environmental resources. According to Confalone & Navarro Dujmovich (1999), the efficien‐
cy of the use of solar radiation by soybean remains relatively constant at different develop‐
ment stages. When there is moderate water stress, soybean tends to maximize the efficiency
of radiation utilization and reduce the efficiency of the interception of photosynthetically ac‐
tive radiation, while under severe water deficits, there is a reduction of the efficiency of radi‐
ation utilization.

Lisar et  al.  (2012) report that the impacts of water stress in crop plants can reduce pro‐
ductivity  by  50%  in  various  parts  of  the  world.  Under  stress  conditions,  the  plants
present a series of changes in their morphology, physiology and biochemistry, negatively
affecting their growth and productivity. According to Gerten & Rost (2010), two-thirds of
world food production through cultivation occurs under water stress. In this context and
because of the prospect of global climate change, most crops will be exposed to negative
impacts caused by drought.

2. Effects of water deficits on soybean: Crop yields and general responses

Water participates in nearly all physiological and biochemical processes in plants, compris‐
ing approximately 90% of their mass (Farias et al, 2007). It is responsible for the thermal reg‐
ulation of the plant, acting both to maintain the cooling and heat distribution and to
promote mechanical support of the plant (Taiz & Zeiger, 2009). It also functions as a solvent,
through which gases, minerals and other solutes enter cells and move within plants (Nepo‐
muceno et al, 1994).

The need for water in soybean increases with plant development, peaking during the flow‐
ering-grain filling stages (7-8 mm day-1) and decreasing thereafter. The total water require‐
ment for maximum productivity varies between 450 and 800 mm, depending on weather
conditions, crop management practices and cycle timing (Embrapa, 2011, Farias et al, 2007).
The loss of productivity under water deficit conditions depends on the soybean phenologi‐
cal stage, duration and intensity of water shortages (Doss & Thurlow, 1974). Kron et al.
(2008) evaluated the responses of soybean to water stress induced in different phases in the
plants and concluded that plants subjected to water stress during the V4 stage showed an
increased tolerance to water shortages in later stages. This stage was considered to represent
a “developmental window” in soybean, characterized as a specific period during plant de‐
velopment when environmental disturbances can be embodied, thereby improving subse‐
quent plant resistance to environmental changes (Kron et al., 2008).

Desclaux et al. (2000) evaluated the effects of water stress at various stages of development
in soybean plants and found the average length of the internodes to be the most sensitive
feature to drought imposed during the vegetative stages (V4) and flowering (R1-R3), and a
reduction in plant height was associated with water stress induced in the V4 stage. The
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number of pods per unit of shoot dry matter was significantly affected by water deficits in
the reproductive stages (R3-R5). When stress occurred during grain filling (R5), the charac‐
teristics of the plant that were most affected were the number of grains per pod and the
grain weight. Rosolem (2005) notes that the water demand of soybean is highest at the initia‐
tion of flowering, but a water deficit from pod initiation (R3) until 50% yellow leaves (R7) is
the most critical stage for productivity. In a study performed by the same author correlating
rainfall with grain yields, it was found that when water restriction occurred between flower‐
ing and the emergence of pods, the grain yield of soybean was 1,275 kg ha-1, but under no
water limitation at this stage, there may be an increase in productivity of 3.8 kg ha-1 for each
mm of rain. When water restriction occurred during grain filling, the yield was 878 kg ha-1,
and for each mm of rain, there was an increase in productivity of 13 kg ha-1, indicating the
greater susceptibility of the soybean to water stress during grain filling, although the highest
water demand in the crop occurred at the beginning of flowering (Desclaux et al., 2000).
These results are in agreement with those of Nogueira& Nagai (1988). However, other stud‐
ies observed that seed filling is not the most drought prone period of soybean development.
When the water deficit starts during R1 (early flowering) and R4 growth stage, the seed
yield may be significantly reduced (Eck et al., 1987, Brown et al., 1985, Hoogenboom et al.,
1987) compared to R6-R7 growth stage.

According to Santos & Carlesso (1998), the most prominent responses of plants to water
deficits in terms of morphological processes are decreases in leaf area and acceleration of
the  senescence  and  abscission  of  leaves.  Catuchi  et  al.  (2011)  studied  the  conventional
cultivar  CD 220  and the  transgenic  cultivar  CD 226RR under  water  deficits  induced at
the V4 stage, and they observed a reduction of approximately 40% of leaf area per plant
compared  to  control  plants  and  decreasing  shoot  dry  mass  of  approximately  50%  for
both cultivars. Akinci & Losel (2012) reported that water stress drastically decreased root
elongation and the expansion of  leaf  area in soybean,  though these two processes were
not  equally  affected  because  leaf  expansion  is  usually  reduced  by  a  greater  proportion
than root growth, and carbon partitioning shifts to increase the root/shoot ratio. Catuchi
et al. (2012) studied the responses of biomass and leaf area in plants of two soybean cul‐
tivars,  BR 48 and EMBRAPA 16, which are considered tolerant and susceptible to water
restriction, respectively, grown under water deficits. The authors observed a reduction of
all  traits  in  both  cultivars  due  to  a  water  deficit  imposed  in  the  reproductive  stage  of
culture, with the exception of root dry mass in Embrapa 48, which remained unchanged,
even  under  conditions  of  water  restriction  (Table  1).  This  phenomenon  may  occur  be‐
cause drought can promote the expansion of the root system to reach additional deeper
moisture zones in the soil profile, a process that begins gradually after drying of the soil
surface (Santos & Carlesso,  1998).  The reduction of  the other biomass parameters under
conditions of water deficits is related to decreased photosynthetic rates, and biomass ac‐
cumulation and translocation to grain are consequently impaired (Neumaier et al., 2000).

One of the most important processes of nitrogen nutrition of soybean, which results in im‐
provements of productivity and profitability of the crop, is the symbiotic nitrogen fixation.
Nevertheless, this process is negatively influenced by low moisture (Purcell et al, 2004; Pur‐
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cell & Specht, 2004). Decreased nitrogen fixation starts when water potential of root nodules
starts falling below -0.2 to -0.4 MPa (Pankhurst & Sprent, 1975). According to the Purcell et
al. (2000), the water deficit promotes the accumulation of products of N2 fixation (ureides) in
the shoot of soybean plant, causing a feedback reduction in fixation of N2. Thus, the authors
report that proper nutrition with manganese (Mn+2) promotes the breaking of ureides and
extends N2 fixation in plants under water deficit. Furthermore, soybean plants that produce
larger nodules are less susceptible to reduction of nitrogen fixation in water deficit condi‐
tions (King & Purcell, 2001).

Attributes
BR-16 Embrapa 48

Control Water deficits Control Water deficits

SM (g) 26.3A(1) 13.9B 23.9A 11.4B

SDm (g) 57.1A 29.1B 51.8A 25.2B

RDm (g) 8.3A 5.1B 5.6A 4.6A

ODm (g) 65.4A 34.3B 57.4A 29.8B

Al(cm2) 1637.7A 756.7B 1356.1A 724.3B

(1)Means followed by the same letters between the levels of water reposition in each cultivar not differ by Tukey
test (P = 5%).

Table 1. Seed mass per plant (SM), shoot dry mass (SDm), root dry mass (RDm), overall dry mass (ODm) and overall area
leaf (Al)of BR-16 and Embrapa 48 soybean cultivars with 100% and 40% water reposition (adapted from Catuchi et al.,
2012)

Water restriction may be caused by several factors in plants, with the principal cause being
an absence or an irregular distribution of rainfall during the crop cycle (Gopefert et al.,
1993). In recent years, due to global climate change, climate stability, which allows the culti‐
vation of crops to be planned, has been more limited. For plants to withstand periods of wa‐
ter restriction, they should be able to maintain their water status at normal turgor pressure
during the hottest hours of the day, when the water vapor atmospheric demand is greater.
This requires that the plant have a well-developed root system allowing it to reach water in
deeper layers in the soil profile (Farias et al, 2007). In some cases, the limited extent of the
root system reduces the water supply to plants. These responses are typical of soils contain‐
ing toxic aluminum (Al3+) combined with low rainfall during the crop cycle. The presence of
Al3+ could limit the development of the root system due to inhibition of DNA synthesis and
cell division, limiting the elongation of the roots and thus, the absorption of water from the
deeper layers of soil. It also causes changes in nutrient uptake and in the overall nutritional
balance of plants (Machado, 1997). Mascarenhas et al. (1984) observed a reduction of pri‐
mary roots of plants of two cultivars of soybeans due to increased levels of Al3+ in a nutrient
solution. Nolla et al. (2007) assessed the root development of soybean seedlings grown in
solution with various concentrations of Al3+ (0.0, 0.30, 0.60, and 1.20 mmol L-1 Al) and ob‐
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served a significant reduction of the root dry mass due to the increased concentration of Al3+

at pH = 4 (Figure 1).

Figure 1. Root dry mass of soybean seedlings grown under different concentration of aluminum. (adapted from Nolla
et al, 2007).

Moreover, soil compaction caused by the pressure of agricultural implements on farms is
another limiting factor for deep root development. In the work carried out by Cardoso et al.
(2006), there was a significant correlation found between the root volume of two soybean
cultivars and the resistance to penetration (RP), with the root volume decreasing linearly in
both cultivars associated with increases in RP. According to Beutler & Centurion (2003), the
growth of the soybean root system is limited when the RP is greater than 2 MPa. Beutler et
al. (2006) note that soybean yield decreases in RPvalues from 2.24 to 2.97 MPa.

In this sense, the use of implements that do not cause soil compression and cultivation tech‐
niques such as “no-tillage systems” (NTS) that result in better soil physics, promoting better
root development at depth, are extremely important to avoid loss of productivity due to wa‐
ter restriction. Furthermore,some agricultural practices, such as lime and gypsum applica‐
tion may promote the correction of the soil profile (Santos et al, 2010).

According to Franchini et al. (2009), under NTS, the maintenance of the soil covering re‐
duces evaporative water loss due to the formation of a physical barrier and reduces the tem‐
perature of the soil and runoff because of the increased capacity of water infiltration
associated with protection of the surface of the soil against the impact of raindrops, thus
preventing crusting. Similarly, increasing the percentage of soil organic matter (SOM),
which is associated with a reduced intensity of soil cultivation, substantially improves the
soil structure, which favors the development of soybean roots and thus increases the size of
the water reservoir available. In addition, improvements in the soil structure provided by
NTS increase infiltration and the water retention of the soil, thus favoring the upward flow
of water from deeper layers to upper layers, where the majority of the soybean root system
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develops. The effects of SOM are connected with the hygroscopicity and high specific sur‐
face area of this type of material, which promotes increased water retention (Braida et al,
2011). In a long-term study, Franchini et al. (2009) reported that during the first four seasons
after the adoption of aNTS, the soybean yield was similar or slightly lower than that ob‐
tained under conventional tillage (CT). However, from the fifth year onward, when the sys‐
tem had matured and consolidated, the soybean yield was higher under the NTS than the
CT (Figure 2).

Figure 2. Soybean yield in different management systems: conventional tillage (13 years); new no-tillage (3 years) and
no-tillage consolidated (13 years), (adapted from Franchini et al., 2009).

Sowing according to agroclimatic zoning for each agricultural environment is another strat‐
egy to avoid productivity losses due to water restriction. The cultivar must be adapted to
the region considering the climate and soil type that determine water retention. In regions
with higher occurrences of drought, it is essential to cultivate material that is more tolerant
to water restriction. Thus, when the chemical and physical conditions of soil are suitable, al‐
lowing good root development at depth, and the cultivar and sowing time are selected to
minimize the effects of water restriction, it is possible to obtain a high productivity soybean
grain yield.

Overall, to achieve productivity under any conditions, it is essential that the process of pho‐
tosynthesis, which is responsible for all carbon assimilated for the production of biomass,
has a minimum efficiency. Under water deficit conditions during the soybean cycle, photo‐
synthesis is one of the main physiological processes affected.

3. Influence of water deficiency on plant physiology: An overview

Drought stress is a factor that occurs when little water is available in an appropriate thermo‐
dynamic state. The term "dry" indicates a period without appreciable precipitation during
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which the water content in the soil is reduced (Larcher, 2000). This situation can be exacer‐
bated when atmospheric conditions cause continuous water loss via transpiration or evapo‐
ration (Jaleel et al., 2009).

Depending on environmental conditions, different levels of water loss can occur. While wa‐
ter deficiency is a state caused by a moderate loss of water, which causes stomatal closure
and reduction of gas exchange (Jaleel et al., 2009), desiccation is caused by much more ex‐
tensive losses of water, which can potentially lead to major disruption of cellular structure
and metabolism and eventually to an interruption of enzyme-catalyzed reactions (Smirnoff,
1993, Jaleel et al. 2009).According to Jaleel et al. (2009), water stress is characterized by re‐
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tosynthetic rates of soybean leaves are readily detectable at leaf water potentials about -1.0
to -1.2 MPa (Raper& Kramer, 1987). The rate starts declining more rapidly as water potential
falls below -1.8MPa. Plants suffering this level of drought would have greater reductions of
CGR and yield because not only would LAI be reduced, but the net assimilation rate (photo‐
synthetic rate per unit LAI) would also be reduced. Drought stress effects on photosynthesis
become irreversible once water potential falls below -1.6 MPa.

The stress induced by water deficits in plants depends on the conditions provided by the
environment,  varying according to  the intensity  and duration of  water  deficits,  the  rate
of water deficit induction and the stage of plant development when drought occurs (Pin‐
heiro & Chaves, 2011, Bertolli et al., 2012). Moreover, these factors can strongly influence
the process of mitigation associated with acclimation to conditions after water shortages
(Chaves  et  al.,  2009).  Acclimation  responses  in  plants  under  water  stress  generally  in‐
clude  responses  related  to  growth  inhibition  or  leaf  shedding,  reducing  the  water  con‐
sumption by these tissues and contributing to the maintenance of water balance and the
assimilation of carbon (Chaves et al., 2009, Pinheiro & Chaves, 2011). Osmoregulatory el‐
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ements produced in response to slow dehydration also have the function of maintaining
metabolic activity, improving cell osmotic adjustment (Pang et al.,  2011). The increase in
sugar levels during leaf dehydration appears to be the result of coordinated regulation of
the  synthesis  and translocation of  sucrose,  contributing to  osmotic  adjustment  and ena‐
bling the maintenance of turgor in meristematic regions. These responses may eventually
lead to restoration of cellular homeostasis, thereby increasing plant survival under stress
(Chaves, 1991, Chaves et al., 2009).

A central question in plant biology is related to the problem of the optimization of CO2 fixa‐
tion in environments with limited water. In environments where there is water restriction
caused by a lack of water from the soil or by a high atmospheric water demand plants tend
to close their stomata to conserve water via reducing transpiration losses, which may limit
the CO2 intake into the leaf for photosynthesis (Kaizer, 1987, Flexas et al., 2009, Pinheiro &
Chaves, 2011). Control of the entry of CO2 and water loss is performed by continuously set‐
ting the opening of the stomata distributed across the leaves. This dynamic of opening and
closing of stomata is heterogeneous and can be particularly enhanced under conditions of
water stress, causing the patchy stomatal conductance phenomenon to occur (Mott & Buck‐
ley, 1998, Flexas et al., 2009).

The response of photosynthesis under water stress has been the focus of study and debate
for decades, particularly with respect to what the most limiting factors for photosynthesis
are (Lawlor & Cornic, 2002, Lawlor & Tezara, 2009, Flexas et al., 2009). However, there is
still some controversy regarding the importance of the main physiological parameters and
the time period over which they limit photosynthesis (Pinheiro & Chaves, 2011).

The decrease in CO2 diffusion from the atmosphere to the carboxylation site of Rubisco (ri‐
bulosebiphosphate carboxylase/oxygenase) is generally considered to be the main cause of
reduced photosynthesis under conditions of mild and moderate water deficits (Grassi &
Magnani, 2005, Chaves et al., 2003, 2009, Pinheiro & Chaves, 2011). Greater resistance to the
diffusion of CO2 may be caused by both stomatal limitation and by lower conductance in the
mesophyll (Flexas et al., 2009). The stomata act in regulating the entry of CO2 (an essential
substrate for photosynthesis) into the leaves and the loss of water vapor to the atmosphere
via transpiration. The control of gas exchange between the leaf and the atmosphere through
the stomata is essential for the maintenance of photosynthetic activity and tissue hydration
(Reynolds-Henne, et al. 2010, Aasamaa & Sõber, 2011). When the decrease in stomatal con‐
ductance is combined with high light levels, the leaves are subjected to an excessive amount
of incident energy in relation to the amount of intercellular CO2 available for photosynthe‐
sis, and the rate of reductant energy production can therefore overlap with the rate of its
consumption by the Calvin cycle. Under these circumstances, down-regulation of photosyn‐
thesis or even photoinhibition can become a powerful defense mechanism for plants (Pin‐
heiro & Chaves, 2011, Sanda et al. 2011). This protection can be achieved via thermal
dissipation occurring in the light harvesting complex of the photochemical apparatus, in‐
volving the xanthophyll cycle (Demmig-Adams et al. 2006, Sarlikioti et al. 2010), and
through alternative sinks for the excess energy, such as photorespiration (Lawlor & Cornic,
2002, Miyake, 2010) or the Mehler reaction, now referred to as the water-water cycle
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(Miyake, 2010). Because there is dependence on the fixation of CO2 and photochemical effi‐
ciency (ATP generation and NADPH) and vice-versa (Miyake et al., 2009), any stress or sit‐
uation that reduces the consumption of photochemical products through decreased
carboxylation efficiency can generate excessive excitation energy (Baker et al., 2004, Sarlikio‐
ti et al., 2010). When the non radioactive de-excitation energy (NPQ) is insufficient to ad‐
dress this excess energy, alternative electron sinks, such as the water-water cycle and
photorespiration, are activated, which is crucial for maintaining photosynthetic activity
(Miyake et al., 2009, 2010, Lawlor & Tezara, 2009).

Part  of  the  reduction  of  photosynthesis  can  be  attributed to  non-stomatal  effects  at  the
chloroplast  level,  and electron transport  and photophosphorylation are  the main targets
of  inhibition  (Sanda  et  al.,  2011).  The  reduction  in  ATP  synthesis  that  is  an  initial  re‐
sponse  to  water  deficits  can  lead  to  reduction  of  the  capacity  for  Ribulose-1,5-bisphos‐
phate  (RuBP)  regeneration,  reducing  potential  photosynthesis  (Lawlor  &  Tezara,  2009,
Pinheiro & Chaves, 2011). Furthermore, Rubisco activity may be impaired by Rubisco ac‐
tivase  activity  and  the  reduction  of  ATP.  Lawlor  &  Tezara  (2009)  claim  that  inhibitors
such as RuBP analogues bind to the active site  of  Rubisco,  decreasing its  activity,  espe‐
cially  when the  concentration of  RuBP is  under  saturated due to  water  deficiency.  The
regulation  and  restoration  of  Rubisco  are  mediated  by  Rubisco  activase  and  require  a
high rate of ATP/ADP conversion. Thus, because phosphorylation is reduced under wa‐
ter stress, the activity of Rubisco is depressed (Parry et al., 2002).

In  addition  to  solar  energy,  water  availability  and  air  temperature  are  elements  that
show seasonal variation (Rossato et al. 2009) and can affect photochemical activity. High
temperatures  may also affect  photochemical  activity  directly  through the inactivation of
photosystem II  and structural  disorganization  of  the  thylakoids  or  indirectly  by  the  re‐
duction of  the activity of  the Calvin cycle  (Zhang & Sharkey,  2009).  Plants  subjected to
water  deficits  usually  exhibit  reduced  transpiration  and  therefore  show  a  low  capacity
for dissipation of latent heat, increasing the temperature of the leaves. This condition can
decrease  the  fixation  of  CO2  because  under  increasing  temperatures,  Rubisco  activity
tends to be reduced (Kumar et al., 2009).

3.1. Effects of water stress on photosynthesis in soybean plants

Studies on the soybean crop have been focused on describing the impacts caused by the
imposition of water stress on physiological parameters, particularly on photosynthesis in
different genotypes (Desclaux & Roumet, 1996, Kron et al., 2008, Firmano et al., 2009, Ca‐
tuchi et  al.,  2011,  Bertolli  et  al.,  2012,  Catuchi et  al.,  2012).  In the cultivars 'New Tanba‐
kuro' and 'Tamanisiki' (Ohashi et al. 2009), 'CD 202' and 'CD 226RR' (Catuchi et al., 2011),
'BR 16' and 'Embrapa 48' (Catuchi et al., 2012) and 'MG/BR-46' (Conquista) (Stolf-Moreira
et al., 2011) and wildtype plants (Kao & Tsai, 1998), it has been observed that the photo‐
synthetic  rate,  stomatal  conductance  and  transpiration  were  reduced  by  water  deficits.
Moreover,  there was a  reduction in the intercellular  CO2  concentration (Ci)  observed in
the cultivars 'BR 16' (Catuchi et al., 2012) and 'Embrapa 48' and wildtype species. Addi‐
tionally, in the cultivars 'New Tanbakuro' and 'Tamanisiki', Ci was altered slightly under
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early water stress treatments, while for the cultivars 'MG/BR-46' (Conquista) and 'BR 16'
(Stolf-Moreira et al., 2011), Ci increased as the water deficit progressed, indicating differ‐
ent  physiological  responses  for  different  soybean  cultivars.  Furthermore,  an  increase  in
the  intrinsic  efficiency  of  water  use  was  observed  when  the  cultivars  'CD  202',  'CD
226RR', BR 16 and EMBRAPA 48 were subject to episodes of water restriction (Catuchi et
al.,  2011 and 2012). According to Manavalan et al. (2009), this increase may indicate bet‐
ter  control  of  water  loss  via  transpiration,  contributing  to  the  productivity  of  soybean.
However, it is important to take into account that the studies discussed herein used dif‐
ferent methods of water stress induction, which could interfere with making more relia‐
ble and suitable comparisons among cultivars (Bertolli et al., 2012).

Reduction of net photosynthesis in soybean plants can be induced by both stomatal and
non-stomatal factors (of both biochemical and photochemical origin). When a crop is sub‐
jected to a water deficit, the plants can reduce their stomatal conductance (gs), limiting the
entry of CO2 into the substomatal chambers and thus reducing the diffusion of carbon to the
site of carboxylation, resulting in significant decreases in carbon assimilation (Yu et al.,
2004). Furthermore, Flexas et al. (2006a) report that the effects of water stress on the initial
activity of Rubisco may be reproduced by induction of stomatal closure, independent of the
reduction in the relative water content in the leaves of soybean plants. Thus, we can expect a
lower regulation of photochemical and biochemical processes when the availability of CO2 is
the most limiting component for photosynthesis in plants under severe water stress (Flexas
et al. 2006b).

Although Pankovic et al. (1999) report that the content of Rubisco in soybean leaves increas‐
es as plants acclimate to water stress, other authors have observed that under the imposition
of water deficits in pine, tobacco and soybean, there is reduced transcription of the subunits
of this enzyme (Pelloux et al., 2001, Kawaguchi, et al., 2003, Majumdar et al., 1991, respec‐
tively). Reduction of the Rubisco activity in soybean plants under drought stress can be in‐
duced by reducing the content of the enzyme itself and possibly through increases in
strongly binding inhibitors, as reported by Flexas et al. (2006a). When stomatal closure oc‐
curs for a period of several days, another mechanism involving gene expression can operate,
resulting in a decrease in the total amount of Rubisco and/or an increase in the content of
inhibitors that bind strongly to this enzyme (Flexas et al., 2006a).

Moreover, when the availability of CO2  and biochemical activity are reduced due to wa‐
ter  deficits,  the excess  reductants  in the photochemical  apparatus must  be dissipated as
heat  or  drained through alternative  electron  sinks  (Miyake  et  al.,  2009,  2010)  to  reduce
photoinhibition  and  the  production  of  reactive  oxygen  species  (ROS).  Studies  have  re‐
vealed  that  PSII  of  soybean  plants  is  resistant  to  moderate  water  stress  (Kirova  et  al.,
2008),  and the potential  quantum efficiency of  PSII  (Fv  /  Fm)  and electron transport  rate
(ETR) are not altered by the imposition of water stress (Ohashi et al., 2006). Bertolli et al.
(2012) reported that the decrease in the ETR was more sensitive than the decrease of Fv /
Fm  when the  relative  water  content  declined in  soybean plants  (cv.  CD202),  supporting
the idea that the potential photochemical efficiency would not be readily affected by wa‐
ter deficiency. However, the reduction of the ETR could be due to a lower energy (ATP /
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NADPH) demand being required for carbon fixation metabolism under water deficit. Be‐
cause the stomatal conductance was decreased as water deficiency progressed, the reduc‐
tion  of  CO2  diffusion  from  the  substomatic  chamber  to  the  active  site  of  Rubisco  may
have influenced the efficiency of the Calvin cycle, which, in turn, may have reduced the
consumption of ATP / NADPH from the photochemical apparatus, reducing the efficien‐
cy of the electron transport chain (Bertolli et al., 2012).

Depending on the intensity and duration of drought stress, metabolic limitations are fre‐
quently observed to be correlated with decreases in ATP, which reduces the capacity for
RuBP turnover (Parry et al., 2002). This reduction in ATP synthesis is due to the decrease in
electron transport and photophosphorylation caused by the reduction of the reactions asso‐
ciated with the chloroplast membranes (Catuchi et al., 2011). These membranes may suffer
structural damage caused by decreasing the content of free water and ROS overproduction
(Lawlor & Cornic, 2002), reducing the efficiency of the photochemical apparatus. Kao & Tsai
(1998) also reported that the amount of quinone (QA) in the reduced state in a wild type
soybean plant under water stress is greater than in plants irrigated under high light. The in‐
crease in the reduced state of QA is associated with the amount of inactivated and damaged
D1 protein in the PSII reaction centers, indicating susceptibility of the photochemical appa‐
ratus to water deficits.

4. Aspects of mineral nutrition in the relationship between water deficits
and plant physiology

Under water stress, plants develop various physiological and molecular mechanisms to
maintain productivity. Among these mechanisms, Nepomuceno et al. (2001) highlight the
activation of genes induced by drought to promote cell tolerance to dehydration and osmot‐
ic adjustment to maintain the water potential and turgor close to optimum levels. Addition‐
ally, to minimize the oxidative damage to cells generated by reactive oxygen species (ROS),
plants develop antioxidant systems (Apel & Hirt, 2004).

In addition to the internal mechanisms in plants, the negative effects of water stress can be
minimized through a balanced supply of nutrients (Waraich et al., 2011). Among the nu‐
trients classified as essential (Dechen & Nachtigall, 2006), potassium (K), phosphorus (P)
and calcium (Ca) are the most studied in relation to their roles in reducing the effects of wa‐
ter stress on the physiology of soybean (Waraich et al, 2011).

4.1. Effects of potassium

Potassium is considered to be the second most extracted element in soybean crops (Malavol‐
ta, 2006). From 1,000 kg of seeds produced by a soybean crop, 20 kg of K2O can be extracted
(Mascarenhas, 2004). In this context, in some agricultural production systems, particularly
tropical systems, K application is required to ensure soil productivity. More than 60 en‐
zymes involved in cell metabolism are K dependent for normal activity because this nutrient
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is an important enzymatic activator (Prado, 2008). Moreover, K plays an important role in
cell expansion, which involves the formation of a large central vacuole occupying 80% to
90% of cell volume.

Under water deficit conditions, stomatal conductance is reduced (Oliveira et al, 2005) conse‐
quently decreasing the intercellular CO2 concentration (Kaiser, 1987, Lawlor & Tezara, 2009).
Thus, the light energy used for the fixation of CO2 is diverted to O2, generating high accu‐
mulation of ROS in the chloroplast (Pitzschke et al, 2006). According to Cakmak (2005),
when plants are grown under low K availability, the production of free radicals may be in‐
creased because the lack of this nutrient disturbs the opening and closing mechanism of sto‐
mata, causing a reduction of photosynthesis, and consequently, the excess electrons are
diverted to the production of ROS. Therefore, under conditions of water stress, the plant ex‐
hibits an increased demand for K to maintain photosynthesis and protect the chloroplasts
from oxidative damage. This author also stresses the importance of K in the translocation of
assimilates. Under K deprivation, there is reduced exportation of the products of photosyn‐
thesis to the drain region of the plant. Thus, the accumulation of photoassimilates in the
chloroplast can decrease the fixation of CO2 through down-regulation, thus increasing the
generation of ROS.

According to Prado (2008),  K promotes maintenance of the turgor of guard cells,  allow‐
ing better opening and closing dynamics of the stomatal  pores.  Sangakkara et  al.  (2000)
evaluated  the  effect  of  moisture  and  K  fertilization  on  the  physiology  of  two  common
bean cultivars and observed that the addition of K to the system via a nutrient solution
promoted an increased photosynthetic rate under conditions of water stress in both culti‐
vars. Catuchi et al. (2012) evaluated the net CO2 assimilation rate (A) in two soybean cul‐
tivars under water deficit conditions as well as 12 hours after rehydration and following
supplementation with 0,  90 and 180 mg dm-3  K.  The authors concluded that  in general,
the A values (Figure 3) in both cultivars decreased by 50% under water deficit, irrespec‐
tive  of  the  K  level.  In  contrast,  after  rehydration,  the  cultivar  BR  16  showed A values
that were 27% higher in plants without the addition of K and 42% higher in plants sup‐
plied with 90 mg dm-3 K compared to the values in plants under drought. However, the
higher dose of K did not allow the recovery of A after rehydration. Moreover, Embrapa
48 responded positively to supplementation with two doses of  K in terms of the recov‐
ery of A. While in plants without added K, there was no recovery of A observed. Plants
that  received doses  of  90  and 180  mg dm-3  K  showed A values  that  were  57  and 38%
higher,  respectively,  than  those  in  plants  under  water  stress.  These  responses  indicate
that K may promote greater recovery of photosynthesis in soybean after a period of wa‐
ter  restriction.  According to  Flexas  et  al.  (2004),  the  intensity  and duration of  water  re‐
striction  are  key  factors  that  define  the  speed  and  rate  of  recovery  of  plants  after
rehydration. In general, plants subjected to severe drought stress exhibit recovery of only
40-60% of  the  maximum photosynthetic  rate  on the next  day.  In  a  study performed by
Catuchi et al.  (2012),  these values were only achieved in plants that were supplemented
with K. The response of the recovery of plants supplied with K via fertilization may be
related to the influence of this nutrient on the repair of oxidative damage to cells under
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rehydration. In general, plants subjected to severe drought stress exhibit recovery of only
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Catuchi et al.  (2012),  these values were only achieved in plants that were supplemented
with K. The response of the recovery of plants supplied with K via fertilization may be
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conditions of water stress (Soleimanzadeh et al., 2010). The higher photosynthetic rates of
plants supplied with K after recovery could provide greater restoration of plant growth,
minimizing productivity losses.

Figure 3. Average of net photosynthesis (Pn) of cultivars BR-16 (A) and Embrapa 48 (B) grown under water stress
(40%) and 12 hours after rehydration. The letters above the bars indicate the statistical difference (p < 0,005) between
the water levels in each dose of potassium (adapted from Catuchi et al, 2012).

4.2. Effects of phosphorus

Because of its role in the formation of adenosine triphosphate (ATP), phosphorus (P) plays
key roles in the production of energy necessary for photosynthesis, the translocation of as‐
similates and many other metabolic processes. In its inorganic form, P is the substrate or end
product in many enzymatic reactions, including photosynthesis and carbohydrate metabo‐
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lism, and it is essential for the regulation of metabolic pathways in the cytoplasm and chlor‐
oplast, sucrose and starch synthesis, triose phosphate transport, translocation of sucrose and
hexose synthesis (Araújo & Machado, 2006).

According to Lantmann & Castro (2004), for each ton of soybeans produced, the plant con‐
sumes 15 kg of P2O5 on average. Under conditions of low soil water availability, there is a
marked reduction in P uptake by plants (Santos et al., 2006). When there is a lack of inorgan‐
ic P (Pi) in the chloroplast, decreases in the production of ATP and NADPH may occur, re‐
sulting in a decrease in the regeneration of ribulose-1,5-biphosphate, which is crucial in the
photosynthetic assimilation of CO2 (Lawlor & Cornic, 2002).

The decrease in ATP synthesis in the chloroplast may be caused by low availability of free
cytoplasmic Pi, which is exchanged for triose phosphate in the chloroplast by phosphate
transporters that use Pi as a substrate (Flügge et al., 2003). The carbon partitioning between
starch and sucrose is dependent on the concentration of cytoplasmic Pi, which regulates the
export of triose-P from the chloroplast to the cytosol, and a decrease in the recycling of P
between the cytoplasm and chloroplasts can generate inhibition of photosynthesis via carbo‐
hydrate accumulation (Foyer, 1988). During drought periods lasting approximately ten
days, the diffusive flux of P from the soil to plants stops almost completely, causing a signif‐
icant loss of productivity (Novais & Smyth, 1999). Thus, there is a need for a stock of P un‐
der optimal conditions of water availability to reduce the effects of the lack of P during
water stress (Prado, 2008). Furthermore, after rehydration, the absorption and uptake of P
should begin rapidly to restore the diffusion flow.

The direct role of P in the maintenance of plant productivity under low water availability is
also related to the maintenance of stomatal conductance (Waraich et al., 2011). This function
of P is associated with the osmotic regulation of stomatal guard cells because P supplemen‐
tation can be related to the accumulation of proline, which is an important regulator of cell
osmolarity (Al-Karaki et al., 1996). Firmano et al. (2009) evaluated the effects of P on photo‐
synthesis in soybean plants grown under a water deficit and observed (Figure 4) that fertili‐
zation with 200 kg ha-1 P maintained net photosynthesis under water stress better in
comparison to what was observed in plants that were not supplemented. According to these
authors, these results were due to increased stomatal conductance promoted by P under
conditions of water restriction.

Santos et al. (2006) evaluated the effect of foliar supplementation with inorganic phosphate
(Pi) in two common bean genotypes, A320 and Ouro Negro, under water deficit conditions
for 7 days. They observed that the rates of net photosynthesis and stomatal conductance
were not affected by supplementation of Pi during dehydration in either genotype. Howev‐
er, after rehydration, stomatal conductance and photosynthesis were increased associated
with foliar Pi being supplied in relation to the plants without Pi supplementation. Likewise,
as noted by Firmano et al. (2009) in soybean, the role of Pi in the regulation of photosynthe‐
sis recovery after a water deficit appears to be important in reducing the deleterious effects
of a temporary lack of water.
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Figure 4. Average of net photosynthesis (Pn) and stomatal conductance (Gs) of soybean plants grown with and with‐
out water restriction. The lowercase letters above the bars indicates the statistical difference (p < 0,05) between the P
doses in each water level (adapted from Firmano et al, 2009).

4.3. Effects of calcium

The main functions of Ca in plants are acting as a component of the cell wall and as a second
messenger in signaling associated with different processes in the cell. This nutrient plays an
important role in ion uptake, root development and the germination of pollen grains (Vitti
et al., 2006). During stress, Ca plays an important role in the regulation of plant metabolism,
along with the calmodulin protein, which can promote the maintenance of cellular metabo‐
lism under water deficit conditions (Waraich et al, 2011). Ca assists the plant in its recovery
after a water shortage because this nutrient functions in the activation of the ATPase en‐
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zyme in the cell membrane, promoting the pumping back to the cell of electrolytes that were
lost because of membrane damage caused by water deficit (Palta, 1990, Waraich et al., 2011).

In addition to the direct effects of K, P, and Ca on the maintenance of plant metabolism un‐
der water deficit conditions, balanced nutrition regarding all essential elements (both mac‐
ro- and micronutrients) can support plant development under limiting conditions by
improving the initial steps of vegetative growth, such as leaf area expansion. This improved
growth will allow the achievement of high photosynthetic rates and, hence, good root devel‐
opment, thereby improving the absorption of water into deeper layers and allowing the
plants to survive water deficit periods.

4.4. Future directions

Breeders and geneticists involved in soybean breeding are interested in consolidating the
current knowledge about physiology and functional genomics to improve crop breeding
programs (Manavalan et al., 2009), especially based on studies aimed at providing the infor‐
mation needed to improve the resistance / tolerance of cultivars to a multitude of stress fac‐
tors (Kulcheski et al., 2011, Makbul et al., 2011). Through proteomic analysis, 145 genes that
are differentially expressed according to the imposition of water stress were identified in
two soybean cultivars, MG/BR46 [Conquista] and BR 16, that are considered tolerant and
sensitive to water deficits, respectively (Stolf-Moreira et al., 2011). These genes were classi‐
fied into nine functional categories: energy, transcription factors, metabolism, stress re‐
sponses, protein synthesis, cell communication, the cell cycle, cellular transport, and other
unknown functions. Additionally, 11 micro-RNAs that show different expression patterns
during the imposition of biotic and abiotic stress were identified in the cultivars 'Embrapa
48' (tolerant to drought stress) and 'BR 16' (sensitive to water stress) (Kulcheski et al., 2011),
and the transcription of several other proteins related to oxidative damage, isoflavonoids
and lignin synthesis was detected in soybean under water stress (Yamaguchi et al., 2010).
Furthermore, Alam et al. (2010) reported that there are two enzymes involved in carbohy‐
drate metabolism (UDP-glucose pyrophosphorylase and 2.3-biphosphoglycerate independ‐
ent phosphoglyceratemutase) that are suppressed after exposure to a water deficit. The
levels of these enzymes tended to revert to the basal level after rehydration of the plants,
suggesting that the change in the allocation of carbon in soybean plants under drought may
indicate an adaptive response. According to the authors of this report, the metabolism of
carbohydrates is one of the processes that are most susceptible to water stress, after photo‐
synthesis. Other studies have identified several soybean wildtypes that can be specifically
adapted to adverse conditions, such as wind, water logging, salinity and water deficits, and
may be useful for identifying genes related to tolerance / resistance to a variety of biotic and
abiotic stresses (Lee et al., 2010). Such studies are required because genetic diversity has
been lost in the process of domestication of G. max (Hyten et al., 2006), and wildtype soy‐
bean have been useful for contributing new and unique genes to increase yields under dif‐
ferent worldwide crop conditions (Wang et al., 2004).

Moreover, as discussed in previous sections of this chapter, to improve soybean growth un‐
der water deficit conditions, the application of additional strategies is necessary, such as
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constant development of new soil management techniques, allowing the development of
root systems to increase the water intake capacity as well as provide balanced nutrition to
the crop, supporting adequate development of the plants throughout their life cycle.

Author details

Gustavo M. Souza1, Tiago A. Catuchi2, Suzana C. Bertolli1 and Rogerio P. Soratto2

1 Laboratório de Ecofisiologia Vegetal, Universidade do Oeste Paulista, Presidente Pru‐
dente, SP, Brazil

2 Departamento de Produção Vegetal, Faculdade de Ciências Agronômicas, Universidade
Estadual Paulista, Botucatu, SP, Brazil

References

[1] Aasamaa, K., Sõber, A. (2011). Responses of stomatal conductance to simultaneous
changes in two environmental factors. Tree Physiology. v. 31, p. 855-864.

[2] Alam, I., Sharmin, S. A., Kim, K-H., Yang, J. K., Choi, M. S., Lee, B-H. (2010). Pro‐
teome analysis of soybean roots subjected to short-term drought stress. Plant Soil. v.
333, p. 491-505.

[3] Araújo, A. P. and Machado, C. T. T. (2006). Fósforo. In: Fernandes, M. S. Nutrição
mineral de plantas. SBCS, p. 253-280.

[4] Al-Karaki, G. N., Clark, R. B. and Sullivan, C. Y. (1996). Phosphorus nutrition and
water effects on proline accumulation in sorghum and bean. Journal of Plant Physiolo‐
gy, Leipzig, Germany, v. 148, p. 745-751.

[5] Ape1, K, Hirt H. (2004). Reactive oxygen species: Metabolism,oxidative stress, and
signal transduction. Ann Rev Plant Bio, v. 55, p. 373-399.

[6] Akýnci, S. & Lösel, D. M. (2012). Plant Water-Stress Response Mechanisms. In:Rah‐
man, I. M. M. and Hasegawa, H. Water Stress, InTech, Croatia, p. 15-42.

[7] Baker, N. R., Rosenqvist, E. (2004). Applications of chlorophyll fluorescence can im‐
prove crop production strategies: an examination of future possibilities. Journal of Ex‐
perimental Botany. v. 55, p. 1607–1621.

[8] Beutler, A. N. & Centurion, J. F. (2003). Efeito do conteúdo de água e da compactação
do solo na produção de soja. Pesq. agropec. bras., v. 38, n. 7, p. 849-856.

[9] Beutler, N. A., Centurion, J. F. Centurion, M. A. P. C. & da Silva, A. P. (2006). Efeito
da compactação na produtividade de cultivares de soja em latossolo vermelho. R.
Bras. Ci. Solo, v. 30, p. 787-794.

Soybean Under Water Deficit: Physiological and Yield Responses
http://dx.doi.org/10.5772/54269

289



[10] Bertolli, S. C., Rapchan, G. L., Souza, G. M. (2012). Photosynthetic limitations caused
by different rates of water-deficit induction in Glycine max and Vignaunguiculata.
Photosynthetica. DOI: 10. 1007/s11099-012-0036-4.

[11] Braida, J. A., Bayer, C., Albuquerque, J. A. & Reichert, J. M. (2011). Matéria Orgânica
e seu Efeito na Física do Solo. In:Klauberg Filho, O., Mafra, A. L. andGatiboni, L. C.
Tópicos em Ciência do Solo. SBCS, v. 7, p. 221-278.

[12] Brown, E. A., Caviness, C. E., Brown, D. A. (1985). Response of selected soybean cul‐
tivars to soil moisture deficit. Agron. J., v. 77, pp. 274-278.

[13] Bunce, J. A. (1977). Leaf elongation in relation to leaf water potential in soybean. Exp.
Bot., v. 28, pp. 158-63.

[14] Cakmak, I. (2005). The role of potassium in alleviating detrimental effects of abiotic
stresses in plants. J. Plant Nutr. Soil Sci. Turquia, v. 168, p. 521-530.

[15] Câmara, G. M. S. & Heiffig, L. S. (2000). Fisiologia, ambiente e rendimento da cultura
da soja. In: Câmara, G. M. S. Soja: tecnologia da produção. Piracicaba: ESALQ/LPV, p.
81 – 120.

[16] Casagrande, E. C., Farias, J. R. B., Neumaier, N., Oya, T., Pedroso, J., Martins, P. K.,
Breton, M. C. & Nepomuceno, A. L. (2001). Expressão gênica diferencial durante déf‐
icit hídrico em soja. R. Bras. Fisiol. Veg. v. 13, n. 2, p. 168-184.

[17] Catuchi, T. A., Guidorizzi, F. V. C., Guidorizi, K. A., Barbosa, A. M. & Souza, G. M.
(2012). Respostas fisiológicas de cultivares de soja à adubação potássica sob difer‐
entes regimes hídricos. Pesq. agropec. bras., v. 47, n. 4, p. 519-527.

[18] Catuchi, T. A., Vítolo, H. F., Bertolli, S. S. & Souza, G. M. (2011). Tolerance to water
deficiency between two soybean cultivars: transgenic versus conventional. Ciência Ru‐
ral, Santa Maria, v. 31, n. 3, p. 373-378.

[19] Cardoso, E. C., Zotarelli, L., Piccinin, J. L., Torres, E., Odilon Ferreira Saraiva, O. F. &
Guimarães, M. F. (2006). Sistema radicular da soja em função da compactação do solo
no sistema de plantio direto. Pesq. agropec. bras., v. 41, n. 3, p. 493-501.

[20] Carmo-Silva, A. E., Keys, A. J., Andralojc, P. J., Powers, S. J., Arrabaça, M. C., Parry,
M. A. J. (2010). Rubisco activities, properties, and regulation in three different C4
grasses under drought. Journal of Experiemental Botany. v. 61, p. 2355-2366.

[21] Chaves, M. M., Flexas, J., Pinheiro, C. (2009). Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Annals of Botany. v. 103, p.
551–560.

[22] Confalone, A. & Navarro Dujmovich, M. (1999). Influência do “déficit” hídrico sobre
a eficiência da radiação solar em soja. Rev. Bras. de Agrociência, v. 5, n. 3, p. 195-198.

[23] Dechen, A. R. & Nachtigall, G. R. (2006). Elementos essências e benéficos às plantas
superiores. In:Fernandes, M. S. Nutrição mineral de plantas. SBCS, p. 01-06.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

290



[10] Bertolli, S. C., Rapchan, G. L., Souza, G. M. (2012). Photosynthetic limitations caused
by different rates of water-deficit induction in Glycine max and Vignaunguiculata.
Photosynthetica. DOI: 10. 1007/s11099-012-0036-4.

[11] Braida, J. A., Bayer, C., Albuquerque, J. A. & Reichert, J. M. (2011). Matéria Orgânica
e seu Efeito na Física do Solo. In:Klauberg Filho, O., Mafra, A. L. andGatiboni, L. C.
Tópicos em Ciência do Solo. SBCS, v. 7, p. 221-278.

[12] Brown, E. A., Caviness, C. E., Brown, D. A. (1985). Response of selected soybean cul‐
tivars to soil moisture deficit. Agron. J., v. 77, pp. 274-278.

[13] Bunce, J. A. (1977). Leaf elongation in relation to leaf water potential in soybean. Exp.
Bot., v. 28, pp. 158-63.

[14] Cakmak, I. (2005). The role of potassium in alleviating detrimental effects of abiotic
stresses in plants. J. Plant Nutr. Soil Sci. Turquia, v. 168, p. 521-530.

[15] Câmara, G. M. S. & Heiffig, L. S. (2000). Fisiologia, ambiente e rendimento da cultura
da soja. In: Câmara, G. M. S. Soja: tecnologia da produção. Piracicaba: ESALQ/LPV, p.
81 – 120.

[16] Casagrande, E. C., Farias, J. R. B., Neumaier, N., Oya, T., Pedroso, J., Martins, P. K.,
Breton, M. C. & Nepomuceno, A. L. (2001). Expressão gênica diferencial durante déf‐
icit hídrico em soja. R. Bras. Fisiol. Veg. v. 13, n. 2, p. 168-184.

[17] Catuchi, T. A., Guidorizzi, F. V. C., Guidorizi, K. A., Barbosa, A. M. & Souza, G. M.
(2012). Respostas fisiológicas de cultivares de soja à adubação potássica sob difer‐
entes regimes hídricos. Pesq. agropec. bras., v. 47, n. 4, p. 519-527.

[18] Catuchi, T. A., Vítolo, H. F., Bertolli, S. S. & Souza, G. M. (2011). Tolerance to water
deficiency between two soybean cultivars: transgenic versus conventional. Ciência Ru‐
ral, Santa Maria, v. 31, n. 3, p. 373-378.

[19] Cardoso, E. C., Zotarelli, L., Piccinin, J. L., Torres, E., Odilon Ferreira Saraiva, O. F. &
Guimarães, M. F. (2006). Sistema radicular da soja em função da compactação do solo
no sistema de plantio direto. Pesq. agropec. bras., v. 41, n. 3, p. 493-501.

[20] Carmo-Silva, A. E., Keys, A. J., Andralojc, P. J., Powers, S. J., Arrabaça, M. C., Parry,
M. A. J. (2010). Rubisco activities, properties, and regulation in three different C4
grasses under drought. Journal of Experiemental Botany. v. 61, p. 2355-2366.

[21] Chaves, M. M., Flexas, J., Pinheiro, C. (2009). Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Annals of Botany. v. 103, p.
551–560.

[22] Confalone, A. & Navarro Dujmovich, M. (1999). Influência do “déficit” hídrico sobre
a eficiência da radiação solar em soja. Rev. Bras. de Agrociência, v. 5, n. 3, p. 195-198.

[23] Dechen, A. R. & Nachtigall, G. R. (2006). Elementos essências e benéficos às plantas
superiores. In:Fernandes, M. S. Nutrição mineral de plantas. SBCS, p. 01-06.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

290

[24] Demmig-Adams, B., Adams, Iii W. W., Mattoo A. (2006). Photoprotection, photoinhi‐
bition, gene regulation and environment. In: Advances in photosynthesis and respiration.
v. 21. Dordrecht: Springer. eds.

[25] Desclaux, D., Huynh, T. & Roumet, P. (2000). Identification of soybean plant charac‐
teristics that indicate the timing of drought stress. Crop Science. v. 40, p. 716-722.

[26] Desclaux, D., Roumet, P. (1996). Impact of drought stress on the phenology of two
soybean (Glycine max L. Merr) cultivars. Field Crops Research. v. 46, p. 61-70.

[27] Doss, B. D. & Thulow, D. L. (1974). Irrigation, row width and plant population in re‐
lation to growth characteristics of two soybean varieties. Agronomy Journal, Madison,
v. 65. p. 620-623.

[28] Eck, H. V., Mathers, A. C. & Musick, J. T. (1987). Plant water stress at various growth
stages and growth and yield of soybeans. Field Crops Res., v. 17, pp. 1-16.

[29] Embrapa. (2011). Sistema de Produção 15. Exigências Climáticas. In: Tecnologia de pro‐
dução de soja - Região central do Brasil – 2012 e 2013. Londrina: Embrapa Soja, p. 11-12.
<http://www. cnpso. embrapa. br/download/SP15-VE. pdf>. [Accessed on
09/06/2012].

[30] FAOSTAT – Food And Agriculture Organization Of The United Nations (2012). Pro‐
duction - crops. Roma, Food And Agriculture Organization Of The United Nations.
Disponível em: < http://faostat. fao. org/site/567/default. aspx#ancor >. [Accessed on
05/06/2012].

[31] Farias, J. R. B, Nepomuceno, A. L. & Neumaier, N. (2007). Ecofisiologia da soja. Londri‐
na: EMBRAPA-CNPSo, 9 p. (EMBRAPA-CNPSo. Circular técnica, 48).

[32] Firmano, R. S Kuwahara, F. A. & Souza, G. M. (2009). Relação entre adubação fosfata‐
da e deficiência hídrica em soja. Ciência Rural,v. 39, n. 7, p. 1967-1973.

[33] Flexas, J., Barón, M., Bota, J., Ducruet, J., Gallé, A., Galmés, J., Jiménez, M., Pou, A.,
Ribas-Carbó, M., Sajnani, C., Tomás, M., Medrano, H. (2009). Photosynthesis limita‐
tions during water stress acclimation and recovery in the drought-adapted Vitis hy‐
brid Richter-110 (V. berlandieri x V. rupestris). Journal of Experimental Botany. v. 60, p.
2362-2377.

[34] Flexas, J., Ribas-Carbó, M. Bota, J., Galmés, J., Henkle, M., Martínez-Cañellas, S., Me‐
drano, H. (2006a). Decrease Rubisco activity during water stress is not induced by
decreased relative water content but related to conditions of low stomatal conduc‐
tance and chloroplast CO2 concentration. New Phytologist. v. 172, p. 73-82.

[35] Flexas, J., Bota, J., Galmés, J., Medrano, H., Ribas-Carbó. (2006b). Keeping a positive
carbon balance under adverse conditions: responses of photosynthesis and respira‐
tion to water stress. PhysiologiaPlantarum. v. 127, p. 343-352.

Soybean Under Water Deficit: Physiological and Yield Responses
http://dx.doi.org/10.5772/54269

291



[36] Flexas, J., Bota, J., Loreto, F., Cornic, G. & Sharkey, T. D. (2004). Diffusive and meta‐
bolic limitations to photosynthesis under drought and salinity in C3 plants. Plant Bi‐
ology, v. 6, p. 269-279.

[37] Flügge, U. I., Häusler, R. E., Ludewig, F. & Fischer, K. (2003). Functional genomics of
phosphate antiport systems of plastids. PhysiologiaPlantarum, Hoboken, v. 118. p.
475-482.

[38] Foyer, C. H. (1988). Feedback inhibition of photosynthesis through source-sink regu‐
lation in leaves. Plant Physiology and Biochemistry, Paris, v. 26, p. 483-492.

[39] Franchini, J. C., Debiasi, H., Sacoman, A. Nepomuceno, A. L. & Farias, J. R. B. (2009).
Manejo do solo para redução das perdas de produtividade pela seca. In: Embrapa-
Cnpso, 39p. (Embrapa-Cnpso. Circular técnica, 314).

[40] Grassi, G., Magnani, F. (2005). Stomatal, mesophyll conductance and biochemical
limitations to photosynthesis as affected by drought and leaf ontogeny in ash and
oak trees. Plant, Cell and Environment. v. 28, p. 834–849.

[41] Gerten, D. & Rost, S. (2010). Development and Climate Change: Climate change impacts on
agricultural water stress and impact mitigation potential. Potsdam Institute for Climate
Impact Research (PIK), Germany, 8p.

[42] Hyten, D., Song, Q., Zhu, Y., Choi, I. Y., Nelson, R. L., Costa, J. M., Specht, J. E., Shoe‐
maker, R. C., Cregan, P. B. (2006). Impacts of genetic bottlenecks on soybean genome
diversity. Proceedings of the National Academy of Sciences. v. 103, p. 16666-16671.

[43] Gopefert, H., Rossetti, L. A., Souza, J. (1993). Eventos generalizados e seguridade agrícola.
Brasília: IPEA, Ministério do Planejamento, 78p.

[44] Hoogenboom, G, Peterson, C. M., Huck, M. G. (1987). Shoot growth rate of soybean
as affected by drought stress. Agron. J., v. 79, pp. 598-607.

[45] Jaleel, C. A., Manivannan, P., Wahid, A., Farooq, M., Al-Juburi, H. J., Somasundaram,
R., Panneerselvam, R. (2009). Drought stress in plants: a review on morphological
characteristics and pigments composition. International journal of agriculture & biology.
v. 11, p. 100-105.

[46] Kaiser, W. M. (1987). Effects of water deficit on photosynthetic capacity. Physiologia‐
Plantarum. Copenhagen, v. 71, p. 142-149.

[47] Kao, W. -Y, Tsai, T. -T. (1998). Tropic leaf movements, phosynthetic gas exchange,
leaf δ13C and chlorophyll a fluorescence of three soybean species in response to water
availability. Plant, Cell and Environment. v. 21, p. 1055-1062.

[48] Kawaguchi, R., Williams A. J., Bray, E. A., Bailey-Serres, J. (2003). Water-deficit-in‐
duced translational control in Nicotianatabacum. Plant, Cell and Environment. v. 26, p.
221-229.

[49] King, C. A. & Purcell, L. C. (2001). Soybean Nodule Size and Relationship to Nitro‐
gen Fixation Response to Water Deficit. Crop Science, v. 41, p. 1099 - 1107.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

292



[36] Flexas, J., Bota, J., Loreto, F., Cornic, G. & Sharkey, T. D. (2004). Diffusive and meta‐
bolic limitations to photosynthesis under drought and salinity in C3 plants. Plant Bi‐
ology, v. 6, p. 269-279.

[37] Flügge, U. I., Häusler, R. E., Ludewig, F. & Fischer, K. (2003). Functional genomics of
phosphate antiport systems of plastids. PhysiologiaPlantarum, Hoboken, v. 118. p.
475-482.

[38] Foyer, C. H. (1988). Feedback inhibition of photosynthesis through source-sink regu‐
lation in leaves. Plant Physiology and Biochemistry, Paris, v. 26, p. 483-492.

[39] Franchini, J. C., Debiasi, H., Sacoman, A. Nepomuceno, A. L. & Farias, J. R. B. (2009).
Manejo do solo para redução das perdas de produtividade pela seca. In: Embrapa-
Cnpso, 39p. (Embrapa-Cnpso. Circular técnica, 314).

[40] Grassi, G., Magnani, F. (2005). Stomatal, mesophyll conductance and biochemical
limitations to photosynthesis as affected by drought and leaf ontogeny in ash and
oak trees. Plant, Cell and Environment. v. 28, p. 834–849.

[41] Gerten, D. & Rost, S. (2010). Development and Climate Change: Climate change impacts on
agricultural water stress and impact mitigation potential. Potsdam Institute for Climate
Impact Research (PIK), Germany, 8p.

[42] Hyten, D., Song, Q., Zhu, Y., Choi, I. Y., Nelson, R. L., Costa, J. M., Specht, J. E., Shoe‐
maker, R. C., Cregan, P. B. (2006). Impacts of genetic bottlenecks on soybean genome
diversity. Proceedings of the National Academy of Sciences. v. 103, p. 16666-16671.

[43] Gopefert, H., Rossetti, L. A., Souza, J. (1993). Eventos generalizados e seguridade agrícola.
Brasília: IPEA, Ministério do Planejamento, 78p.

[44] Hoogenboom, G, Peterson, C. M., Huck, M. G. (1987). Shoot growth rate of soybean
as affected by drought stress. Agron. J., v. 79, pp. 598-607.

[45] Jaleel, C. A., Manivannan, P., Wahid, A., Farooq, M., Al-Juburi, H. J., Somasundaram,
R., Panneerselvam, R. (2009). Drought stress in plants: a review on morphological
characteristics and pigments composition. International journal of agriculture & biology.
v. 11, p. 100-105.

[46] Kaiser, W. M. (1987). Effects of water deficit on photosynthetic capacity. Physiologia‐
Plantarum. Copenhagen, v. 71, p. 142-149.

[47] Kao, W. -Y, Tsai, T. -T. (1998). Tropic leaf movements, phosynthetic gas exchange,
leaf δ13C and chlorophyll a fluorescence of three soybean species in response to water
availability. Plant, Cell and Environment. v. 21, p. 1055-1062.

[48] Kawaguchi, R., Williams A. J., Bray, E. A., Bailey-Serres, J. (2003). Water-deficit-in‐
duced translational control in Nicotianatabacum. Plant, Cell and Environment. v. 26, p.
221-229.

[49] King, C. A. & Purcell, L. C. (2001). Soybean Nodule Size and Relationship to Nitro‐
gen Fixation Response to Water Deficit. Crop Science, v. 41, p. 1099 - 1107.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

292

[50] Kirova, E., Tzvetkova, N., Vaseva, I., Ignatov, G. (2008). Photosynthetic Responses of
Nitrate-Fed and Nitrogen-Fixing soybeans to progressive water stress. Journal of
Plant Nutrition. v. 31, p. 445-458.

[51] Kumar, A., Li, C., Portis A. R. Jr. (2009). Arabidopsis thaliana expressing a thermosta‐
ble chimeric Rubisco activase exhibits enhanced growth and higher rates of photo‐
synthesis at moderately high temperatures. Photosynth Res. v. 100, p. 143-153.

[52] Kulcheski, F. R., Oliveira, L. F. V., Molina, L., Almerão, M. P., et al. (2011). Identifica‐
tion of novel soybean microRNAs invoved in abiotic and biotic stresses. BMC Genom‐
ics. v. 12, p. 307.

[53] Kron, A. P., Souza, G. M. & Ribeiro, R. V. (2008). Water deficiency at different devel‐
opmental stages of Glycine max can improve drought tolerance. Bragantia, v. 67, n. 1,
p. 43-49.

[54] Kumudini, S. (2010). Soybean Growth & Development. In: B Singh, (Ed. ). The Soy‐
bean: Botany, Production and Uses. CAB International, Oxfordshire, UK, p. 48–73.

[55] Lantmann, A. F. & Castro, C. (2004). Resposta da soja à adubação fosfatada. In: Ya‐
mada, T. & Abdalla, S. R. S. Fósforo na agricultura brasileira, p. 223-239.

[56] Larcher, W. (2000). Ecofisiologia Vegetal. Traduzido por PRADO, C. H. B. A. RiMa
Artes e textos, São Carlos. p. 531.

[57] Lawlor, D. W. & Cornic, G. (2002). Photosynthetic carbon assimilation and associated
metabolism in relation to water deficits in higher plants. Plant, Cell and Environment,
v. 25. p. 275-294.

[58] Lawlor, D. W., Tezara, W. (2009). Causes of decreased photosynthetic rate and meta‐
bolic capacity in water-deficient leaf cells: a critical evaluation of mechanisms and in‐
tegration of processes. Annals of Botany. v. 103, p. 561–579.

[59] Lee, J. -D., Shannon J. G., Vuong, T. D., Moon, H., Nguyen, H. T., Tsukamoto, C.,
Chung, G. (2010). Genetic diversity in wild soybean (Glycine sojaSieb. and Zucc. ) ac‐
cessions from southern island of Korean peninsula. Plant Breeding. v. 129, p. 257-263.

[60] Li-Juan, Q. & Ru-Zhen, C. (2010). The Origin and History of Soybean. In: B Singh,
(Ed. ). The Soybean: Botany, Production and Uses. CAB International, Oxfordshire, UK,
p. 01–23.

[61] Lisar, S. Y. S., Motafakkerazad, R., Hossain, M. M. & Rahman, I. M. M. (2012). Water
Stress in Plants: Causes, Effects and Responses. In:Rahman, I. M. M. & Hasegawa, H.
Water Stress, InTech, Croatia, p. 01-14.

[62] Machado, P. L. O. A. (1997). Considerações gerais sobre a toxicidade do alumínio nas
plantas. EMBRAPA-CNPS, 22p. (EMBRAPA-CNPS. Documentos , 2).

[63] Majumdar, S., Ghosh, S., Glick, B. R., Dumbroff, E. B. (1991). Activities of chlorophyl‐
lase, phosphoenolpyruvate carboxylase and ribulose-1,5-bisphosphate carboxylase in

Soybean Under Water Deficit: Physiological and Yield Responses
http://dx.doi.org/10.5772/54269

293



the primary leaves of soybean during senescence and drought. PhysiologiaPlantarum.
v. 81, p. 473-480.

[64] Makbul, S., SaruhanGüler, N., Durmus, N., Güven, S. (2011). Changes in anatomical
and physiological parameters of soybean under drought stress. Turk J. Bot. v. 35, p.
369-377.

[65] Malavolta, E. Função dos Macros e Micronutrientes: Manual de Nutrição Mineral de
Plantas. São Paulo. Editora Agronômica Ceres, 2006. 638p.

[66] Manavalan, L. P., Guttikonda, S. K., Tran, L-S. P., Nguyen, H. (2009). Physiological
and molecular approaches to improve drought resistance in soybean. Plant and Cell
Physiology. v. 50, p. 1260-1276.

[67] Mascarenhas, H. A. A., Camargo, C. E. de O. & Falivene, S. M. P. (1984). Efeito do
alumínio sobre o crescimento de raízes, peso seco da parte aérea e raízes de difer‐
entes cultivares de soja. Bragantia, v. 43, n. 1, p. 191-200.

[68] Mascarenhas, H. A. A., Tanaka,R. T., Wutke, E. B., Braga, N. R., Miranda. M. A. C.
(2004). Potássio para a soja. Informações Agronômicas Nº105, 2p.

[69] Miyake, C. (2010). Alternative electron flow (water-water cycle and cyclic electron
flow around PSI) in photosynthesis: molecular mechanisms and physiological func‐
tion. Plant and Cell Physiology. v. 51, p. 1951-1963.

[70] Miyake, C., Amako, K., Shiraishi, N., Sugimoto, T. (2009). Acclimation of tobacco
leaves to high light intensity drives the plastoquinone oxidation system – relation‐
ship among the fraction of open PSII centers, non-photochemical quenching of chl
fluorescence and the maximum quantum yield off PSII in the dark. Plant and Cell
Physiology. v. 50, p. 730-743.

[71] Mott, K A., Buckley, T. N. (1998). Stomatal heterogeneity. Journal of Experimental Bot‐
any. v. 49, p. 407-417.

[72] Muchow, R. C., Sinclair, T. R., Bennett, J. M. & Hammond, L. C. (1986). Response of
leaf growth, leaf nitrogen, and stomatal conductance to water deficits during vegeta‐
tive growth of field-grown soybean. Crop Sci., v. 26, pp. 1190–1195.

[73] Mundstock, C. M. & Thomas, A. L. (2005). Soja: fatores que afetam o crescimento e rendi‐
mento de grãos. Porto Alegre: Universidade Federal do Rio Grande do Sul, 31 p.

[74] Mutei, H. (2011). Papel do Brasil no combate a fome no mundo. In: Siqueira, F., Caju,
J. & Moreira, M. Boletim de pesquisa da soja. Fundação MT, Mato Grosso, Brazil, n. 15,
p. 45-48.

[75] Nepomuceno, A. L., Farias, J. R. B., Neumaier, N. (1994). Efeitos da disponibilidade
hídrica no solo sobre a cultura da soja. In: EMBRAPA-CNPSo, Ata - Documentos 72.
Reunião de Pesquisa de Soja da Região Central do Brasil. Londrina, PR, v. 15, p. 42-43.

[76] Neumaier, N., Nepomuceno, A. L., Farias, J. R. B. (2000). Estresses de ordem ecofisio‐
lógica. In: Bonato, E. R. (ed. ). Estresses em soja. Passo Fundo: EMBRAPA Trigo, 254p.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

294



the primary leaves of soybean during senescence and drought. PhysiologiaPlantarum.
v. 81, p. 473-480.

[64] Makbul, S., SaruhanGüler, N., Durmus, N., Güven, S. (2011). Changes in anatomical
and physiological parameters of soybean under drought stress. Turk J. Bot. v. 35, p.
369-377.

[65] Malavolta, E. Função dos Macros e Micronutrientes: Manual de Nutrição Mineral de
Plantas. São Paulo. Editora Agronômica Ceres, 2006. 638p.

[66] Manavalan, L. P., Guttikonda, S. K., Tran, L-S. P., Nguyen, H. (2009). Physiological
and molecular approaches to improve drought resistance in soybean. Plant and Cell
Physiology. v. 50, p. 1260-1276.

[67] Mascarenhas, H. A. A., Camargo, C. E. de O. & Falivene, S. M. P. (1984). Efeito do
alumínio sobre o crescimento de raízes, peso seco da parte aérea e raízes de difer‐
entes cultivares de soja. Bragantia, v. 43, n. 1, p. 191-200.

[68] Mascarenhas, H. A. A., Tanaka,R. T., Wutke, E. B., Braga, N. R., Miranda. M. A. C.
(2004). Potássio para a soja. Informações Agronômicas Nº105, 2p.

[69] Miyake, C. (2010). Alternative electron flow (water-water cycle and cyclic electron
flow around PSI) in photosynthesis: molecular mechanisms and physiological func‐
tion. Plant and Cell Physiology. v. 51, p. 1951-1963.

[70] Miyake, C., Amako, K., Shiraishi, N., Sugimoto, T. (2009). Acclimation of tobacco
leaves to high light intensity drives the plastoquinone oxidation system – relation‐
ship among the fraction of open PSII centers, non-photochemical quenching of chl
fluorescence and the maximum quantum yield off PSII in the dark. Plant and Cell
Physiology. v. 50, p. 730-743.

[71] Mott, K A., Buckley, T. N. (1998). Stomatal heterogeneity. Journal of Experimental Bot‐
any. v. 49, p. 407-417.

[72] Muchow, R. C., Sinclair, T. R., Bennett, J. M. & Hammond, L. C. (1986). Response of
leaf growth, leaf nitrogen, and stomatal conductance to water deficits during vegeta‐
tive growth of field-grown soybean. Crop Sci., v. 26, pp. 1190–1195.

[73] Mundstock, C. M. & Thomas, A. L. (2005). Soja: fatores que afetam o crescimento e rendi‐
mento de grãos. Porto Alegre: Universidade Federal do Rio Grande do Sul, 31 p.

[74] Mutei, H. (2011). Papel do Brasil no combate a fome no mundo. In: Siqueira, F., Caju,
J. & Moreira, M. Boletim de pesquisa da soja. Fundação MT, Mato Grosso, Brazil, n. 15,
p. 45-48.

[75] Nepomuceno, A. L., Farias, J. R. B., Neumaier, N. (1994). Efeitos da disponibilidade
hídrica no solo sobre a cultura da soja. In: EMBRAPA-CNPSo, Ata - Documentos 72.
Reunião de Pesquisa de Soja da Região Central do Brasil. Londrina, PR, v. 15, p. 42-43.

[76] Neumaier, N., Nepomuceno, A. L., Farias, J. R. B. (2000). Estresses de ordem ecofisio‐
lógica. In: Bonato, E. R. (ed. ). Estresses em soja. Passo Fundo: EMBRAPA Trigo, 254p.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

294

[77] Nepomuceno, A. L., Neumaier, N., Farias, J. R. B., Oya, T. (2001). Tolerância à seca
em plantas. Biotecnologia Ciência e Desenvolvimento. v. 23, p. 12-18.

[78] Nogueira, S. S. S. & Nagai, V. (1988). Deficiência hídrica simulada nos diferentes nos
diferentes estádios de desenvolvimento de uma cultura precoce de soja. Bragantia. v.
47, n. 1, p. 9-14.

[79] Nolla, A., Schlindwein, J. A. & Anghinoni, I. (2007). Crescimento, morfologia radicu‐
lar e liberação de compostos orgânicos por plântulas de soja em função da atividade
de alumínio na solução do solo de campo natural. Ciência Rural,v. 37, n. 1, p. 97-101.

[80] Novais, R. F., Smyth, T. T. (1999). Fósforo em solo e planta em condições tropicais. Viçosa:
Universidade Federal de Viçosa, 399p.

[81] Ohashi, Y., Nakayama, N., Saneoka, H., Mohapatra, P. K., Fujita, K. (2009). Differen‐
ces in the responses of stem diameter and pod thickness to drought stress during the
grain filling stage in soybean plants. ActaPhysiol Plant. v. 31, p. 271-277.

[82] Ohashi, Y., Nakayama, N., Saneoka, H., Fujita, K. (2006). Effects of drought stress on
photosynthetic gas exchange, chlorophyll fluorescence and stem diameter of soybean
plants. Biologia Plantarum. v. 50, p. 138-141.

[83] Oliveira, A., Fernandes, E. J., Rodrigues, T. J. D. (2005). Condutância estomática como
indicador de estresse hídrico em feijão. Eng. Agríc., Jaboticabal, v. 25, n. 1, p. 86-95.

[84] Palta, J. P. (1990). Stress Interactions at the Cellular & Membrane Levels. Hort. Sci. v.
25, n. 11, p. 1377-1381.

[85] Pang, J., Yang, J., Ward P., Siddique K. H. M., Lambers, H., Tibbett, M., Ryan, M.
(2011). Contrasting responses to drought stress in herbaceous perennial legumes.
Plant Soil. v. 348, p. 299-314.

[86] Pankhurst, C. E. & Sprent, J. I. (1975). Effects of water stress on respiratory and nitro‐
gen-fixing activity of soybean root nodules. J. Exper. Bot., v. 26, pp. 287-304.

[87] Pankovic, D., Sakac, D., Kevresan, S., Plesnicar, M. (1999). Acclimation to long-term
water deficit in the leaves of two sunflower hybrids: photosynthesis, electron trans‐
port and carbon metabolism. Journal of Experimental Botany. v. 50, p. 127-138.

[88] Parry, M. A. J., Andralojc, P. J., Khan, S., Lea, P., Keys, A. J. (2002). Rubisco activity:
effects of drought stress. Annals of Botany. v. 89, p. 833–839.

[89] Pelloux, J., Jolivet, Y., Fontaine, V., Benvoy, J., Dizengremel, P. (2001). Changes in Ru‐
bisco and Rubisco activase gene expression and polypeptide content in Pinushale‐
pensis M. subjected to ozone and drought. Plant, Cell and Environment. v. 24, p.
123-131.

[90] Pinheiro, C., Chaves, M. M. (2011). Photosynthesis and drought: can we make meta‐
bolic connections from available data? J. Experimental Botany. v. 62, p. 869-882.

Soybean Under Water Deficit: Physiological and Yield Responses
http://dx.doi.org/10.5772/54269

295



[91] Pitzschke, A., Forzani, C. & Hirt, H. (2006). Reactive Oxygen Species Signaling in
Plants. Antioxidants and Redox Signaling, v. 8, n. 9, p. 1757-1764.

[92] Prado, R. M. (2008). Nutrição de Plantas. (Ed. )., São Paulo. Unesp, 2008. p. 161-181.

[93] Purcell, L. C., King, C. A., Ball, R. A. (2000). Soybean Cultivar Differences in Ureides
and the Relationship to Drought Tolerant Nitrogen Fixation and Manganese Nutri‐
tion. Crop Science, v. 40, v. 1062 - 1070.

[94] Purcell, L. C, Serraj, R., Sinclair, T. R., De, A. (2004). Soybean N2 Fixation Estimates,
Ureide Concentration, and Yield Responses to Drought. Crop Science, v. 44, p.
484-492.

[95] Purcell, L. C. & Specht, J. E. (2004). Physiological traits for ameliorating drought
stress. In: Soybeans: improvement, production, and uses (third ed. ),Boerma, H. R., Specht,
J. E. (Eds. ), pp. 569-620, American Society of Agronomy, Madison, WI.

[96] Raper, C. D. & Kramer, P. J. (1987). Stress Physiology, In: Soybeans: Improvement, pro‐
duction, and uses, Wilcox, J. R. (Ed. )., pp. 589-641. American Society of Agronomy,
Madison, WI.

[97] Reynolds-Henne, C. E., Langenegger, A., Mani, J., Schenk, N., Zumsteg, A., Feller, U.
(2010). Interactions between temperature, drought and stomatal opening in legumes.
Environmental and Experimental Botany. v. 68, p. 34-43.

[98] Rosolem, C. A. (2005). Papel do Brasil no combate a fome no mundo. In: Suzuki, S.,
Yuyama, M. M. & Camacho, S. A. Boletim de pesquisa da soja. Fundação MT, Mato
Grosso, Brazil, n. 09, p. 95-102.

[99] Rossatto, D. R., Hoffmann, W. A., Franco, A. C. (2009). Differences in growth pat‐
terns between co-occurring forest an savanna trees affect the forest-savanna boun‐
dary. Functional Ecology. v. 23, p. 689-698.

[100] Sanda, S., Yoshida, K., Masayoshi, K., Kawamura, T., Munekage, Y. N., Akashi, K.,
Yokota, A. (2011). Responses of the photosynthetic electron transport system to ex‐
cess light energy caused by water deficit in wild watermelon. PhysiologiaPlantarum.
142: 247-264.

[101] Sangakkara, U. R., Frehner, M. & Nösberger, J. (2000). Effect of Soil Moisture and Po‐
tassium Fertilizer on Shoot Water Potential, Photosynthesis and Partitioning of Car‐
bon in Mungbean and Cowpea. J. Agronomy e Crop Science. v. 185, p. 201-207.

[102] Santos M. G., Ribeiro, R. V., Oliveira, R. F., Machado, E. C. & Pimentel, C. (2006). The
role of inorganic phosphate on photosynthesis recovery of commom bean after a
mild water deficit. Plant Science, v. 170, p. 659-664.

[103] Santos, R. F., Carlesso, R. (1988) Déficit hídrico e os processos morfológicos e fisioló‐
gicos das plantas. R. Bras. Eng. Agríc. Ambiental, v. 2, n. 3, p. 287-294, 1998.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

296



[91] Pitzschke, A., Forzani, C. & Hirt, H. (2006). Reactive Oxygen Species Signaling in
Plants. Antioxidants and Redox Signaling, v. 8, n. 9, p. 1757-1764.

[92] Prado, R. M. (2008). Nutrição de Plantas. (Ed. )., São Paulo. Unesp, 2008. p. 161-181.

[93] Purcell, L. C., King, C. A., Ball, R. A. (2000). Soybean Cultivar Differences in Ureides
and the Relationship to Drought Tolerant Nitrogen Fixation and Manganese Nutri‐
tion. Crop Science, v. 40, v. 1062 - 1070.

[94] Purcell, L. C, Serraj, R., Sinclair, T. R., De, A. (2004). Soybean N2 Fixation Estimates,
Ureide Concentration, and Yield Responses to Drought. Crop Science, v. 44, p.
484-492.

[95] Purcell, L. C. & Specht, J. E. (2004). Physiological traits for ameliorating drought
stress. In: Soybeans: improvement, production, and uses (third ed. ),Boerma, H. R., Specht,
J. E. (Eds. ), pp. 569-620, American Society of Agronomy, Madison, WI.

[96] Raper, C. D. & Kramer, P. J. (1987). Stress Physiology, In: Soybeans: Improvement, pro‐
duction, and uses, Wilcox, J. R. (Ed. )., pp. 589-641. American Society of Agronomy,
Madison, WI.

[97] Reynolds-Henne, C. E., Langenegger, A., Mani, J., Schenk, N., Zumsteg, A., Feller, U.
(2010). Interactions between temperature, drought and stomatal opening in legumes.
Environmental and Experimental Botany. v. 68, p. 34-43.

[98] Rosolem, C. A. (2005). Papel do Brasil no combate a fome no mundo. In: Suzuki, S.,
Yuyama, M. M. & Camacho, S. A. Boletim de pesquisa da soja. Fundação MT, Mato
Grosso, Brazil, n. 09, p. 95-102.

[99] Rossatto, D. R., Hoffmann, W. A., Franco, A. C. (2009). Differences in growth pat‐
terns between co-occurring forest an savanna trees affect the forest-savanna boun‐
dary. Functional Ecology. v. 23, p. 689-698.

[100] Sanda, S., Yoshida, K., Masayoshi, K., Kawamura, T., Munekage, Y. N., Akashi, K.,
Yokota, A. (2011). Responses of the photosynthetic electron transport system to ex‐
cess light energy caused by water deficit in wild watermelon. PhysiologiaPlantarum.
142: 247-264.

[101] Sangakkara, U. R., Frehner, M. & Nösberger, J. (2000). Effect of Soil Moisture and Po‐
tassium Fertilizer on Shoot Water Potential, Photosynthesis and Partitioning of Car‐
bon in Mungbean and Cowpea. J. Agronomy e Crop Science. v. 185, p. 201-207.

[102] Santos M. G., Ribeiro, R. V., Oliveira, R. F., Machado, E. C. & Pimentel, C. (2006). The
role of inorganic phosphate on photosynthesis recovery of commom bean after a
mild water deficit. Plant Science, v. 170, p. 659-664.

[103] Santos, R. F., Carlesso, R. (1988) Déficit hídrico e os processos morfológicos e fisioló‐
gicos das plantas. R. Bras. Eng. Agríc. Ambiental, v. 2, n. 3, p. 287-294, 1998.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

296

[104] Santos, A. C., Vilela, L. C. Barreto, P. M., Castro, G. J. D. & J. E C. Silva. (2010). Altera‐
ções de atributos químicos pela calagem e gessagem superficial com o tempo de in‐
cubação. Revista Caatinga, v. 23, n. 1, p. 77-83.

[105] Sarlikioti, V., Driever, S. M., Marcelis, L. F. M. (1993). Photochemical reflectance in‐
dex as a mean of monitoring early water stress. Annals of Applied Biology. 157: 81-89.
2010.

[106] Singh, G. & Shivakumar, B. G. (2010) The role of soybean in agriculture. In: B Singh,
(Ed. ). The Soybean: Botany, Production and Uses. CAB International, Oxfordshire, UK,
pp. 24–47.

[107] Smirnoff, N. (1993) The role of active oxygen in the response of plants to water deficit
and desiccation. New Phytol. v. 125, p. 27–58.

[108] Soleimanzadeh, H., Habibi, D., Ardakani, M. R., Paknejad, F. & Rejali, F. (2010). Ef‐
fect of Potassium Levels on Antioxidant Enzymes and Malondialdehyde Content un‐
der Drought Stress in Sunflower (Helianthus annuusL. ). American Journal of
Agricultural and Biological Sciences, v. 5, n. 1, p. 56-61.

[109] Sprent, J. I. (1971). The effects of water stress on nitrogen-fixing root nodules. New
Phytologist, v. 70, pp. 9-17.

[110] Stolf-Moreira, R., Lemos, E. G. M., Carareto-Alves, L, et al. (2011). Transcriptional
profiles of roots of different soybean genotypes subjected to drought stress. Plant
Mol. Biol. Rep. v. 29, p. 19-34.

[111] Taiz, L. & Zeiger, E. (2009). Fisiologia vegetal. 4º ed. Artmed Editora, Porto Alegre, 848
p.

[112] Vitti, G. C., Lima, E. & Cicarone, F. (2006). Cálcio, magnésio e nxofre. In: Fernandes,
M. S. Nutrição mineral de plantas. SBCS, p. 299-326.

[113] Zhang, R., Sharkey, T. D. (2009). Photosynthetic electron transport and photon flux
under moderate heat stress. Photosynth Res. v. 100, p. 29-43.

[114] Wang, D., Graef, G. L., Procopiuk, A. M., Diers, B. W. (2004). Identification of puta‐
tive QTL that underline yield in interspecific soybean backcross populations. Theor.
Appl. Genet. v. 108, p. 458-467.

[115] Waraich, E. A., Ahmad, R., Saifullah., Ashraf, M. Y., & Ehsanullah. (2011). Role of
mineral nutrition in alleviation of drought stress in plants. Australian Journal of Crop
Science, v. 5, n. 6, p. 764-778.

[116] Yamaguchi, M., Valliyodan, B., Zhang, J., Lenoble, M. E., Yu, O., Rogers, E. R., Nguy‐
en, H. T., Sharp, R. E. (2010). Regulation of growth response to water stress in the
soybean primary root. I. Proteomic analysis reveals region-specific regulation of phe‐
nylpropanoid metabolism and control of free iron in the elongation zone. Plant, Cell
and Environment. v. 33, p. 223-343.

Soybean Under Water Deficit: Physiological and Yield Responses
http://dx.doi.org/10.5772/54269

297



[117] Yu, G-R., Wang, Q-F., Zhuang, J. (2004). Modeling the water use efficiency of soy‐
bean and maize plants under environmental stress: application of a synthetic model
of photosynthesis-transpiration based on stomatal behavior. J. Plant Physiol. v. 161, p.
303-318.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

298



[117] Yu, G-R., Wang, Q-F., Zhuang, J. (2004). Modeling the water use efficiency of soy‐
bean and maize plants under environmental stress: application of a synthetic model
of photosynthesis-transpiration based on stomatal behavior. J. Plant Physiol. v. 161, p.
303-318.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

298

Chapter 14

Interaction of Photosynthetic Source-Sink Balance and
Activities of Membrane H+ Pumps in Soybean

Minobu Kasai and Wataru Takahashi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/50544

1. Introduction

There is evidence suggesting that in plants photosynthetic matter production is regulated by
photosynthetic source-sink balance, i.e., the ratio of photosynthetic source organs (e.g.,
leaves) to non-photosynthetic sink organs (e.g., roots) and/or the balance of supply and de‐
mand of photosynthetic carbohydrate(s) within the plant (Kasai, 2008, 2011). Plant photo‐
synthetic dry matter production is the source of a variety of metabolic and structural
compounds. Because of increasing population, shortages of energy and food may become
more severe (von Caemmerer & Evans, 2010; Raines, 2011). Plant photosynthetic dry matter
production is also essential for maintaing environmental quality. For example, a well-
known environmental problem is climatic warming of the earth, which mainly comes from
deforestation (Brovvkin et al., 2004). Improvement of plant dry matter productivity may be
an effective way for solving the problems of energy, foods and climatic warming. Thus, it is
important to elucidate the mechanism(s) of regulation of plant photosynthetic matter pro‐
duction through photosynthetic source-sink balance.

Data from a number of studies including field investigations implicate that in plants, accu‐
mulation of photosynthetic carbohydrate(s) in leaves, which occurs when photosynthetic
source capacity exceeds sink capacity, can regulate leaf photosynthetic rate (Sawada et al.,
1999; Kasai, 2008, 2011; Kasai et al., 2012). In soybean a significant negative correlation exists
between leaf photosynthetic carbohydrate (sucrose or starch) content and photosynthetic
rate (Sawada et al., 1986, 2001; Kasai, 2008). There have also been findings of photosynthetic
carbohydrate-mediated decrease in the activity or the amount of Rubisco, the CO2-fixing en‐
zyme in leaves (Sage et al., 1989; Xu et al., 1994; Martin et al., 2002; Paul & Pellny, 2003), al‐
though the detailed mechanism(s) is still unclear. To date, many studies have focused on
photosynthetic carbohydrate-mediated inhibition of leaf photosynthesis to elucidate the
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mechanism(s) of regulation of photosynthetic matter production through photosynthetic
source-sink balance. However, in contrast, there is also evidence suggesting that leaf photo‐
synthetic rate is not necessarily affected by accumulated photosynthetic carbohydrate(s) in
leaf (Nebauer et al., 2011). Apart from the regulation of leaf photosynthesis through levels of
photosynthetic carbohydrate(s), it is important to examine the mechanism(s) of regulation of
photosynthetic dry matter production through photosynthetic source-sink balance by focus‐
ing on new enzyme(s) thought to be important.

Data from recent studies implicate that in plants, activity(ies) of membrane H+ pump(s) such
as tonoplast H+ pump(s) can be important in the regulation of photosynthetic dry matter
production through photosynthetic source-sink balance (Kasai &Muto, 1990.; Schumacher et
al., 1999; Li et al., 2005; Yang et al., 2007; Wang et al., 2011). However, the effect of photosyn‐
thetic source-sink balance on the activity(ies) of membrane H+ pump(s) has not been investi‐
gated. We show here experimental data of our recent study relating to this subject. We
investigated in soybean plants how removal of pods, which decreases the ratio of sink to
source organs, affects various characteristics related to photosynthetic dry matter produc‐
tion. Factors studied were leaf photosynthetic rate, stomatal conductance, transpiration rate
and intercellular CO2 concentration, initial and total activities of Rubisco, chlorophyll, total
protein, inorganic phosphate, photosynthetic carbohydrates (sucrose and starch), and dry
weights of source and sink organs. We also investigated the effect of pod removal on activi‐
ties of the H+ pumps of the leaf plasma membrane (H+-ATPase) and tonoplast (H+-ATPase
and H+-PPase). It is now well known that soybean is one of the most important crops grown
in the world (Board & Kahlon, 2011; Ainsworth et al., 2012). On the basis of our experimen‐
tal data and the other relevant information, we also consider how membrane H+ pump(s)
can be important in the regulation of photosynthetic dry matter production through photo‐
synthetic source-sink balance.

2. Materials and methods

2.1. Plant materials

Soybean (Glycine max L. Merr. cv. Tsurunoko) seeds were sown in plastic pots (13.5 cm in
height, 8.5 cm in diameter) containing mixed vermiculite and sand (1:1 in volume) and
grown in growth chambers (Koitotoron, HNL type; Koito Industries Ltd., Tokyo, Japan) un‐
der daily light/dark periods of 10/14 h, day/night temperatures of 25/17oC and relative hu‐
midity of 60 %. After 51 days, pods were all removed together with small floral organs from
half of the plants, and the depodded plants were grown with the remaining plants (controls)
for 3 days under same growth conditions. Nutrients were supplied twice a week with a
1000-fold diluted solution of Hyponex [6-10-5 type (N:P:K = 6:10:5); Hyponex Co., Osaka, Ja‐
pan], and tap water was supplied in sufficient amounts. Intensity of light, which was sup‐
plied with incandescent lamps, was 80 µmol photons m-2 s-1 (400-700 nm) on pots.
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2.2. Leaf photosynthetic rate, transpiration rate, stomatal conductance and intercellular
CO2 concentration

Leaf photosynthetic rate, transpiration rate, stomatal conductance and intercellular CO2 con‐
centration were determined on day 3 after pod removal in fully expanded middle trifoliate
leaves at a light intensity of 800 µmol photons m-2 s-1, air flow rate of 200 ml min-1, air tem‐
perature of 25 oC, relative humidity of 60 % and CO2 concentration of 350 ppm using a port‐
able photosynthetic analyzer (Cylus-1; Koito Industries Ltd.). After measurements, leaf
disks (1.79 cm2) were taken from the middle trifoliate leaves for the other analyses (see 2.3),
as described previously (Kasai, 2008).

2.3. Rubisco activity, chlorophyll, protein, phosphate, sucrose and starch

Initial and total activities of Rubisco in leaf extract were determined at 25 oC as described
previously (Kasai, 2008). Leaf chlorophyll content was determined according to the method
of Mackinney (1941). Leaf total protein content was determined by quantifying protein in‐
cluded in the leaf extract that had been prepared for determination of Rubisco activity by
the method of Bradford (1976). Leaf inorganic phosphate content was determined according
to the method of Saheki et al. (1985). Leaf sucrose and starch contents were determined as
described by Sawada et al. (1995).

2.4. Dry weight

For determination of dry weights of source (leaves) and sink organs (stems, floral organs in‐
cluding pods, and roots), organs were separated from plants on day 3 after pod removal and
dried at 70oC for a week.

2.5. Plasma membrane, tonoplast and H+ pump activity

The activities of H+ pumps of leaf plasma membrane and tonoplast were determined using
plasma membrane vesicles and tonoplast vesicles prepared from leaves. Plasma membrane
vesicles and tonoplast vesicles were prepared from leaves (25 g in fresh weight) of plants on
day 3 after pod removal essentially as described by Nouri & Komatsu (2010) and Maeshima
& Yoshida (1989), respectively. For preparation of plasma membrane vesicles, leaf-homoge‐
nizing medium consisted of 0.3 M sucrose, 50 mM Tris, 8 mM EDTA (acid form), 2 mM
PMSF, 4 mM DTT and 0.2 % (w/v) BSA, and its volume was 200 ml. After homogenization,
the medium was filtered through four layers of gauze and the filtrate was centrifuged at
10,000 g for 20 min. After supernatant was centrifuged at 80,000 g for 40 min, the pellets
were suspended with a sucrose-containing medium [0.3 M sucrose, 5 mM KH2PO4, 5 mM
KCl, 0.1 mM EDTA and 0.1 mM DTT (pH 7.8)], of which volume was 10 ml. The plasma
membrane vesicles were prepared from the suspension by using aqueous two-phase parti‐
tioning method. Dilution of the upper layers that had been obtained was conducted with a
sorbitol-containing medium [0.25 M sorbitol, 5 mM HEPES-BTP and 0.1 mM DTT (pH 7.0)].
The final pellets of the plasma membrane vesicles after centrifugation (80,000 g, 40 min)
were suspended with another sorbitol-containing medium [1 M sorbitol, 5 mM HEPES-BTP
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and 0.1 mM DTT (pH 7.0)] and stored at -80 oC until uses. For preparation of tonoplast vesi‐
cles, leaf-homogenizing medium consisted of 0.25 M sorbitol, 50 mM HEPES-KOH, 5 mM
EGTA, 1 mM PMSF, 2.5 mM Na2S2O5 and 1.5% (w/v) PVP (pH 7.6), and its volume was 200
ml. After homogenization, the medium was filtered through four layers of gauze and the fil‐
trate was centrifuged at 4000 g for 10 min. After supernatant was centrifuged at 80,000 g for
60 min, the pellets were suspended with a sucrose-containing medium [0.3 M sucrose, 10
mM KH2PO4, 1 mM EGTA and 2 mM DTT (pH 7.8)], of which volume was 5 ml, and 3 ml of
a sorbitol-containing medium [0.25 M sorbitol, 50 mM HEPES-KOH, 1 mM EGTA and 2 mM
DTT (pH 7.3)] was put on the suspension and the solution was centrifuged (120,000 g, 40
min). The resulting middle layer was diluted with the same sorbitol-containing medium.
The final pellets of the tonoplast vesicles after centrifugation (150,000 g, 20 min) were sus‐
pended with another sorbitol-containing medium [0.25 M sorbitol, 5 mM HEPES-BTP, 2 mM
DTT (pH 7.5)] and stored at -80oC until uses.

The activity of H+ pump, i.e., H+-ATPase of leaf plasma membrane was determined at 30oC
as vanadate-sensitive ATP-hydrolytic activity (kasai & Sawada, 1994). The activities of H+

pumps, i.e., H+-ATPase and H+-PPase of leaf tonoplast were determined at 30oC as nitrate-
sensitive ATP-hydrolytic activity and Na+-sensitive PPi-hydrolytic activity (Kasai et al.,
1993; Kasai & Sawada, 1994), respectively. Reaction medium (500 µl) for the activity of plas‐
ma membrane H+ pump consisted of 50 mM HEPES-BTP (pH 7.0), 3 mM MgSO4, 3 mM
ATP, 1 mM EGTA, 50 mM KCl, ± 0.1 mM Na3VO4, 0.02% (w/v) Triton X-100 and membrane
vesicles (10 µg). Reaction medium for the activity of tonoplast H+-ATPase consisted of ±50
mM HEPES-BTP (pH 7.5), 3 mM MgSO4, 3 mM ATP, 1 mM EGTA, ±50 mM KCl, ± 50 mM
KNO3, 0.02% (w/v) Triton X-100 and membrane vesicles (10 µg). Reaction medium for the
activity of tonoplast H+-PPase consisted of 50 mM HEPES-BTP (pH 7.5), 5 mM MgSO4, 0.5
mM PPi, 1 mM EGTA, 50 mM KNO3, ± 50 mM NaNO3, 0.02% (w/v) Triton X-100 and mem‐
brane vesicles (10 µg). Phosphate liberated from substrate ATP or PPi was determined ac‐
cording to the method of Saheki et al. (1985).

3. Results

Analyzed leaf photosynthetic rate and transpiration rate were significantly lower in depod‐
ded plants than in control plants (Fig. 1). Leaf stomatal conductance was also lower in de‐
podded plants than in control plants, while leaf intercellular CO2 concentration did not
differ significantly between control and depodded plants (Fig. 2). Initial and total activities
of Rubisco in leaf extract did not differ significantly between control and depodded plants
(Fig. 3). Contents of chlorophyll, total protein and inorganic phosphate in leaves were all
significantly higher in depodded plants than in control plants (Fig. 4). Contents of sucrose
and starch in leaves did not differ significantly between control and depodded plants (Fig.
5). Activity of H+ pump (H+-ATPase) of leaf plasma membrane and activities of H+ pumps
(H+-ATPase and H+-PPase) of leaf tonoplast were all significantly lower in depodded plants
than in control plants (Fig. 6). Dry weights of leaves, stems and roots did not differ signifi‐
cantly between control and depodded plants (Fig. 7). When the ratio of sink (stems + floral
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organs including pods + roots) to source organs (leaves) was calculated, those in control and
depodded plants were on the average 1.25 (100%) and 0.70 (56%), respectively.

Figure 1. Leaf photosynthetic rate and transpiration rate of soybean plants on day 3 after pod removal. Open bar, leaf
photosynthetic rate; gray bar, leaf transpiration rate. Vertical bars indicate S.D. (n=3). *P<0.01 (t-test) when compared
with control plants.

Figure 2. Leaf stomatal conductance and intercellular CO2 concentration of soybean plants on day 3 after pod remov‐
al. Open bar, leaf stomatal conductance; gray bar, leaf intercellular CO2 concentration. Vertical bars indicate S.D. (n=3).
*P<0.01 when compared with control plants. The leaf intercellular CO2 concentration did not differ significantly
(P>0.05) between control and depodded plants.

4. Discussion

As described in the Introduction, it is important to examine the mechanism(s) of regulation
of plant photosynthetic dry matter production through photosynthetic source-sink balance
by focusing on a new enzyme(s). We focused on H+ pumping enzymes of leaf plasma mem‐
brane (H+-ATPase) and tonoplast (H+-ATPase and H+-PPase), and investigated in soybean
plants how removal of pods, which decreases the ratio of sink to source organs, affects vari‐
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ous characteristics related to photosynthetic dry matter production and the activities of H+

pumps. Pod removal was shown to decrease largely leaf photosynthetic rate, transpiration
rate and stomatal conductance without affecting significantly leaf intracellular CO2 concen‐
tration (Fig. 1 and 2). These results imply that pod removal decreased equally the rate of
CO2 diffusion via leaf stomata and the rate of CO2 fixation in leaf photosynthetic cells. In
plants, Rubisco is a major protein in leaves (Furbank et al., 1996; von Caemmerer et al.,
2005), and there is evidence from studies altering the expressions of Rubisco or its activation
enzyme, Rubisco activase, that changes in the activity or the amount of Rubisco in leaves
significantly affect leaf photosynthetic rate (Furbank et al., 1996; von Caemmerer et al.,
2005). There is also a report demonstrating that a rough and positive correlation exists be‐
tween leaf chlorophyll content and photosynthetic rate (Arp, 1991). Therefore, it is speculat‐
ed that the pod removal-induced decrease in leaf photosynthetic rate might have resulted
from a decrease in the activity or the amount of Rubisco in the leaf or the content of leaf
chlorophyll. However, data of Figure 3 and 4 indicate that pod removal did not significantly
affect potential activity of Rubisco in the leaf and could not decrease the content of Rubisco
or chlorophyll, suggesting that the pod removal-induced decrease in leaf photosynthetic
rate did not result from either of these factors.

Figure 3. Initial and total activities of Rubisco in leaf extract from soybean plants on day 3 after pod removal. Open
bar, initial activity; gray bar, total activity. Vertical bars indicate S.D. (n=3). Both initial and total activities did not differ
significantly (P>0.05) between control and depodded plants.

Previously, in single-rooted soybean leaves that are the same species as we used in our pod
removal study, it was demonstrated that a decrease in leaf inorganic phosphate content can
result in a decrease in leaf Rubisco activity in vivo (Sawada et al., 1990, 1992). In vitro, inor‐
ganic phosphate has been found to promote the binding of activator CO2 to uncarbamylated
inactive Rubisco (Bhagwat, 1981; McCurry et al., 1981; Anwaruzzaman et al., 1995). Data of
Figure 4 indicate that pod removal did not decrease leaf inorganic phosphate content. This
result indicates that the pod removal-induced decrease in leaf photosynthetic rate did not
result from a decrease in leaf inorganic phosphate content.
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ous characteristics related to photosynthetic dry matter production and the activities of H+

pumps. Pod removal was shown to decrease largely leaf photosynthetic rate, transpiration
rate and stomatal conductance without affecting significantly leaf intracellular CO2 concen‐
tration (Fig. 1 and 2). These results imply that pod removal decreased equally the rate of
CO2 diffusion via leaf stomata and the rate of CO2 fixation in leaf photosynthetic cells. In
plants, Rubisco is a major protein in leaves (Furbank et al., 1996; von Caemmerer et al.,
2005), and there is evidence from studies altering the expressions of Rubisco or its activation
enzyme, Rubisco activase, that changes in the activity or the amount of Rubisco in leaves
significantly affect leaf photosynthetic rate (Furbank et al., 1996; von Caemmerer et al.,
2005). There is also a report demonstrating that a rough and positive correlation exists be‐
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chlorophyll. However, data of Figure 3 and 4 indicate that pod removal did not significantly
affect potential activity of Rubisco in the leaf and could not decrease the content of Rubisco
or chlorophyll, suggesting that the pod removal-induced decrease in leaf photosynthetic
rate did not result from either of these factors.

Figure 3. Initial and total activities of Rubisco in leaf extract from soybean plants on day 3 after pod removal. Open
bar, initial activity; gray bar, total activity. Vertical bars indicate S.D. (n=3). Both initial and total activities did not differ
significantly (P>0.05) between control and depodded plants.

Previously, in single-rooted soybean leaves that are the same species as we used in our pod
removal study, it was demonstrated that a decrease in leaf inorganic phosphate content can
result in a decrease in leaf Rubisco activity in vivo (Sawada et al., 1990, 1992). In vitro, inor‐
ganic phosphate has been found to promote the binding of activator CO2 to uncarbamylated
inactive Rubisco (Bhagwat, 1981; McCurry et al., 1981; Anwaruzzaman et al., 1995). Data of
Figure 4 indicate that pod removal did not decrease leaf inorganic phosphate content. This
result indicates that the pod removal-induced decrease in leaf photosynthetic rate did not
result from a decrease in leaf inorganic phosphate content.
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Figure 4. Leaf chlorophyll, total protein and inorganic phosphate contents in soybean plants on day 3 after pod re‐
moval. Open bar, chlorophyll; gray bar, total protein; black bar, inorganic phosphate. Vertical bars indicate S.D. (n=3).
*P<0.01 (**P<0.05) when compared with control plants.

Figure 5. Leaf sucrose and starch contents in soybean plants on day 3 after pod removal. Open bar, sucrose content;
gray bar, starch content. Vertical bars indicate S.D. (n=3). Both sucrose and starch contents did not differ significantly
(P>0.05) between control and depodded plants.

There is a hypothesis of inhibition of photosynthesis through accumulation of sucrose in
the leaf, although the detailed mechanism(s) is still unclear (Kasai, 2008). For example, in
a study having continuous exposure to light of single-rooted soybean leaves, a significant
negative correlation was shown between leaf sucrose content and photosynthetic rate (Sa‐
wada  et  al.,  1986).  It  is  thought  that  in  both  control  and  depodded  plants,  sucrose-in‐
duced inhibition of  leaf  photosynthesis  was,  if  any,  very small.  Leaf  sucrose  content  of
control  plants,  which was higher  on the average than that  of  depodded plants  (Fig.  5),
corresponded with a content that led to a very small decrease in leaf photosynthetic rate
of single-rooted soybean leaves (Sawada et al., 1986). Leaf sucrose content of control plants
did not seem to decrease leaf photosynthetic rate in our previous pod removal study us‐
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ing soybean plants (Kasai et al., 2008). There is also a hypothesis of inhibition of photosyn‐
thesis through accumulation of starch in leaves (Kasai, 2008). In the same study, continuous
exposure to light of single-rooted soybean leaves resulted in a significant negative correla‐
tion  between leaf  starch  content  and photosynthetic  rate  (Sawada et  al.,  1986).  Another
study using single-rooted soybean leaves demonstrated that accumulation of starch decreas‐
es the rate of CO2 diffusion (Sawada et al.,  2001; Kasai et al.,  1996). In our pod removal
study, pod removal did not significantly affect leaf starch content (Fig. 5). Therefore, it is
suggested that the pod removal-induced decrease in leaf photosynthetic rate did not re‐
sult from accumulation of sucrose or starch in leaves.

It is believed that in plants, P-type H+ pump (H+-ATPase) exists in the plasma membrane,
and V-type H+ pumps (H+-ATPase and H+-PPase) exist in the tonoplast (Hall & Williams,
1991; Barkla et al., 2008). In plant leaves, a decrease in H+ pump activity of the guard cell
plasma membrane can induce decreases of stomatal conductance and transpiration rate by
inducing a decrease in stomatal pore size (Tominaga et al., 2001). Although we did not ana‐
lyze the H+ pump activity of the guard cell plasma membrane, it was shown that pod re‐
moval largely decreased the H+ pump activity of the leaf plasma membrane (Fig. 6).
Essentially, almost the same method is used for isolation of the plasma membrane from
leaves and guard cells (Becker et al., 1993). Therefore, it is suggested that a large decrease in
H+ pump activity of the guard cell plasma membrane could cause the pod removal-induced
decreases of leaf stomatal conductance and transpiration rate. In plant cells, a decrease in H+

pump activity of the plasma membrane can induce a decrease in the electrochemical poten‐
tial difference of H+ across the plasma membrane (Hall & Williams, 1991; Barkla et al., 2008).
There is increasing evidence that depolarization-activated Ca2+ channel, Ca2+-activated anion
(e.g., Cl-) channel, depolarization-activated anion channel (e.g., HCO3 -), electrogenic Ca2+/H+

antiporter (which has a stoichiometry higher than 2H+/Ca2+), and CO2-transportable and
Ca2+-inhibitable water channel are present in the plant plasma membrane (Thuleau et al.,
1994; Roberts, 2005; Frachisse et al., 1999, Kasai et al., 1990; Song et al., 2011; Chaumont et
al., 2005). Therefore, it is speculated that the observed decrease in H+ pump activity of the
leaf plasma membrane could cause the decrease in the rate of CO2 transport in leaf photo‐
synthetic cells by inducing a depolarization of the plasma membrane, a decrease in the pro‐
ton motive force across the plasma membrane and a rise of Ca2+ concentration inside the
plasma membrane in the leaf photosynthetic cells. The suggestion drawn on the basis of da‐
ta of Figure 1 and 2 that pod removal decreased equally the rate of CO2 diffusion via leaf
stomata and the rate of CO2 fixation in leaf photosynthetic cells is roughly consistent with
the above-mentioned suggestion and speculation proposing the regulation of leaf stomatal
conductance, transpiration rate and CO2 transport in leaf photosynthetic cells by activity of
H+ pump of leaf plasma membrane. As shown in Figure 6, pod removal also greatly de‐
creased activities of the H+ pumps (H+-ATPase and H+-PPase) of the leaf tonoplast. There is
increasing evidence that electrogenic Ca2+/H+ antiporter (which has a stoichiometry higher
than 2H+/Ca2+) is also present in the plant tonoplast (Blackford et al., 1990; Mei et al., 2007).
Therefore, it is speculated that a large decrease in H+ pump activity of the leaf plasma mem‐
brane and a large decrease in activities of H+ pumps of the leaf tonoplast could cause coop‐
eratively the pod removal-induced decrease in leaf photosynthetic rate by inducing equal
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decreases in the rate of CO2 diffusion via leaf stomata and the rate of CO2 fixation in leaf
photosynthetic cells. To verify our speculations, more evidence is needed. We emphasize,
however, that until now, in similar studies other than our study, activities of the H+ pumps
of plasma membrane and tonoplast have not been analyzed.

With respect to the mechanism(s) of why pod removal decreased the H+ pump activity of
the leaf plasma membrane and activities of the H+ pumps of the leaf tonoplast, it is inferred
that plant hormones abscisic acid and cytokinin could be involved in the mechanism(s). In
general, cytokinin is known to have positive effect in synthesizing chlorophyll and protein,
and its content in plant cells is known to decrease under deficiency of mineral nutrients such
as P and N. In contrast, abscisic acid antagonizes the effects of cytokinin, and its content in
plant cells increases under conditions of mineral nutrient deficiencies (Pozsar et al., 1967;
Kusnetsov et al., 1998; Salama & Wareing, 1979; Mizrahi & Richmond, 1972; Battal et al.,
2003). In our pod removal study, it was shown that pod removal, which decreased the ratio
of sink to source organs (Fig. 7), increased significantly the contents of chlorophyll, total
protein and inorganic phosphate in the leaf (Fig. 4), implicating that pod removal might
have increased cytokinin content relative to abscisic acid content in the leaf by influencing
the partitioning of mineral nutrients such as P and N within the plant. In barley, it was dem‐
onstrated that abscisic acid has stimulatory effects on activities of tonoplast H+ pumps,
whereas cytokinin has opposite effects antagonizing the effects of abscisic acid (Kasai et al.,
1993; Fukuda & Tanaka, 2006). In Phaseolus vulgaris, excessive levels of cytokinin were dem‐
onstrated to decrease leaf stomatal conductance, transpiration rate and photosynthetic rate
(Pospisilova, 2003).

Figure 6. Activities of H+ pumps of leaf plasma membrane and tonoplast from soybean plants on day 3 after pod re‐
moval. Open bar, plasma membrane H+-ATPase; gray bar, tonoplast H+-ATPase; black bar, tonoplast H+-PPase. Vertical
bars indicate S.D. (n=3). *P<0.01 (**P<0.05) when compared with control plants.

Data from recent studies using transgenic plants and those from physiological studies impli‐
cate that in plants, activity(ies) of membrane H+ pump(s) can be important in the regulation
of photosynthetic dry matter production through photosynthetic source-sink balance. For
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example, in a study using Arabidopsis plants, overexpression of tonoplast H+-PPase was
shown to result in an increase in whole plant growth, in particular, growth of sink organ
roots (Li et al., 2005). In another study using Arabidopsis plants, it was shown that overex‐
pression of tonoplast H+-PPase resulted in a 1.9-fold increase in root dry weight and a 1.5-
fold increase in shoot dry weight (Yang et al., 2007). There is also a report that transgenic
manipulation increasing tonoplast H+-ATPase resulted in an increase in root length (Wang
et al., 2011). In a study using rye plants, increases of root/shoot ratio and activities of tono‐
plast H+ pumps (H+-PPase and H+-ATPase) were shown to occur under growth conditions
inducing deficiency of mineral nutrients (Kasai et al., 1998). Whereas conditions inducing
deficiency of mineral nutrients can increase abscisic acid level in plant cells, it can also de‐
crease cytokinin level (Salama & Wareing, 1979; Mizrahi & Richmond, 1972; Battal et al.,
2003). In a recent study using Arabidopsis plants, transgenic manipulation decreasing cytoki‐
nin level was shown to enhance root/shoot ratio (Werner et al., 2003). In plant cells, levels of
abscisic acid and cytokinin can also be affected by levels of photosynthetic carbohydrates,
which can interact with the levels of mineral nutrients (Rolland et al., 2002). Interestingly, a
more recent study using Arabidopsis plants showed that overexpression of tonoplast H+-
PPase resulted in an increase in cell abscisic acid level and a decrease in cell cytokinin (bio‐
logically active cytokinin) level (Gonzalez et al., 2010). In the other study using Arabidopsis
plants, it was shown that a mutant losing about 60% of tonoplast H+-ATPase activity had a
morphology resembling cytokinin-treated plants (Schumacher et al., 1999). As already men‐
tioned, abscisic acid had stimulatory effects on activities of tonoplast H+ pumps, whereas cy‐
tokinin had opposite effects antagonizing the effects of abscisic acid in barley (Kasai et al.,
1993; Fukuda & Tanaka, 2006). In our pod removal study using soybean plants, decreasing
the ratio of sink to source organs by conducting pod removal was shown to result in a large
decrease in activities of H+ pumps of the leaf plasma membrane and tonoplast. Although
characteristics such as leaf photosynthetic rate related to photosynthetic dry matter produc‐
tion were not analyzed in the above studies other than our study, information from these
studies and the other information of our data from pod removal study implicate that in
plants, changes in activity(ies) of membrane H+ pump(s) can actually play key roles in the
regulation of photosynthetic matter production through photosynthetic source-sink balance.
It is suggested from experimental evidence that abscisic acid and cytokinin can be involved
at least in the regulation of activities of tonoplast H+ pumps. Although no direct evidence
exists, data from more recent studies let us suppose that now well-known 2C-type protein
phosphatase and salt-overly-sensitive 2 protein kinase may be involved (in part) in the regu‐
lation of activities of tonoplast H+ pumps by abscisic acid and cytokinin (Batelli et al., 2007;
Huertas et al., 2012). In plants, abscisic acid, cytokinin and membrane H+ pump(s) are specu‐
lated to be symbolic biomolecules that are able to induce or respond to a variety of internal
and external environmental changes that cause the regulation of photosynthetic dry matter
production through photosynthetic source-sink balance. Many experimental data suggest
that interaction actually exists between environmental change and cell abscisic acid and cy‐
tokinin levels and environmental change and, for example, activities of tonoplast H+ pumps
and environmental change and photosynthetic matter production and environmental
change and photosynthetic source-sink balance (Board & Kahlon, 2011; Peleg & Blumwald,
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2011; Kasai, 1999; Rolland et al., 2002). On the basis of a lot of evidence, it seems evident that
photosynthetic source-sink balance is an essential factor regulating photosynthetic dry mat‐
ter production (Kasai, 2008, 2011; Rolland et al., 2002). As described in the Introduction,
plant photosynthetic dry matter production is essential for all living organisms and is also
essential for creating sound environments. Therefore, further studies are important for eluci‐
dation of the detailed mechanism(s) of how membrane H+ pump(s) are involved in the regu‐
lation of photosynthetic dry matter production through photosynthetic source-sink balance.
We emphasize that for improvement of plant productivity and for creating sound environ‐
ments, well-balanced improvement of source and sink would be essential.

Figure 7. Dry weights of leaves, stems, floral organs including pods, and roots in soybean plants on day 3 after pod
removal. Open bar, leaves; gray bar, stems; black bar, floral organs including pods; dotted bar, roots. Vertical bars indi‐
cate S.D. (n=3). Dry weights of leaves, stems and roots did not differ significantly (P>0.05) between control and depod‐
ded plants.

5. Conclusion

Data from recent studies implicate that in plants, activity(ies) of membrane H+ pump(s) can
be important in regulation of photosynthetic dry matter production through photosynthetic
source-sink balance. However, the effect of photosynthetic source-sink balance on the activi‐
ty(ies) of membrane H+ pump(s) has not been investigated. In our recent study, we investi‐
gated in soybean plants how pod removal, which decreases the ratio of sink to source
organs, affects various characteristics related to photosynthetic matter production. We also
investigated, for the first time, the effect of pod removal on activities of H+ pumps of leaf
plasma membrane and tonoplast. From the data obtained and the other relevant informa‐
tion, it was concluded that in plants, changes in activity(ies) of membrane H+ pump(s) can
actually play key roles in the regulation of photosynthetic dry matter production through
photosynthetic source-sink balance, and that hormones abscisic acid and cytokinin may be
involved in regulation of activities of tonoplast H+ pumps. Plant photosynthetic dry matter
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production is essential for all living organisms and is also essential for creating sound envi‐
ronments. Therefore, further studies are important to elucidate the detailed mechanism(s) of
how membrane H+ pump(s) are involved in the regulation of photosynthetic dry matter pro‐
duction through photosynthetic source-sink balance.
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1. Introduction

Ureases are metalloproteins responsible for the one step hydrolysis of urea into ammonia
and carbamate [1], the later then rapidly and spontaneously decomposes to form carbon di‐
oxide and a second molecule of ammonia [2]. Plant ureases hold a special place in science
history, participating on some important landmarks of biochemistry. For instance, it was by
the analysis of Canavalia ensiformis urease crystals that the proteinaceous nature of enzymes
could be demonstrated [3], rendering a Chemistry Nobel Prize to James Sumner in 1946. Al‐
so by the studies carried out with the same protein it was obtained the first proof that Ni2+

actually exerts a biological role in living organisms [4]. Ureases usually present two Ni2+ in
their active site, with a few exceptions reported [5, 6]. However, all this was only possible
after Takeuchi’s observation that the crude extracts of soybean (Glycine max) seeds present
high amounts of urease [7]. In those days, urease had been observed only in microorganisms
and in algae, being Takeuchi’s finding the first evidence of the presence of ureases in higher
plants. The importance of this discovery relays on the fact that it made urease largely availa‐
ble for any researcher on the globe, and many more works on ureases followed, utilizing the
soybean seed urease with the objective of understanding enzyme functioning. Soybean ure‐
ase was also one of the key players on the development of enzymology, with studies on this
enzyme leading to hypothesis that were essential to confirm the observations of Michaelis
and Menten on the rate of reaction of enzymes and substrates [8].

From those first studies more than one century ago until today, soybean ureases continued
to be the focus of researchers around the world, in the fields of genetic, biochemistry and
physiology. This review will deal with the many faces of these proteins, trying to summa‐
rize the great amount of information gathered over time, and to point the many doors that
continue to be opened by the studies with this enzyme.
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2. Soybean urease – more than one enzyme

During the course of urease history, there were several reports on the presence of nongenet‐
ic isoenzymes for C. ensiformis, which represented different multimeric interconversible
forms of the same enzyme. As many as 12 different forms of the protein could be observed,
depending on environmental factors such as temperature, pH, salt concentration, reagents,
etc [9-13]. Also, multimeric forms of the soybean urease were observed [14, 15]. By the com‐
parison of the purified urease from soybean seeds and a partially purified urease from a
soybean shoot cell culture, it was not possible to differentiate them on basis of electrophoret‐
ic species, size exclusion chromatography and immunoinhibition, but they seemed to be‐
have differently on a immunoaffinity chromatography, where 100% of the seed enzyme
would be retained in contrast with only 65 % of the culture urease [15]. Although the au‐
thors postulated that this behaviour may indicate the existence of two different enzymes, at
the time they could not reject the hypothesis of differentially processed forms of the seed en‐
zyme (glycosylated protein, etc).

The next indication of the existence of more than one genetic isoform of soybean urease
emerged a few years later, in 1982. After screening a collection of over 6,000 lines of soybean
seeds from the United States Department of Agriculture (USDA) Polacco and co-workers
were able to identify one urease negative soybean variety (Itachi) [16]. Interestingly, even
though no measurable amounts of urease could be detected in the seeds of the Itachi variety,
when cells from many parts of the plant were cultured, urease was produced in equivalent
amounts to the wild type soybean. Making use of immunoaffinity chromatography with
monospecific antibodies that retained 100% of the soybean seed urease, it was observed that
none of the cell culture ureases could be retained completely by the antibodies (70 and 45 %
for the wild type and Itachi, respectively). Some differences in the inhibition profile by hy‐
droxyurea were also observed, the ureases from both cultures (wild type and Itachi) being
less susceptible than the urease purified from the seeds. All these facts pointed to a similar
but still different urease synthesized in cell cultures as compared to the one present in the
seeds. However, the authors seemed to battle a little with the idea of a second genetic iso‐
form of urease, considering that the observed “heterogeneity” could be due to a glycosylat‐
ed seed urease.

More definitive proofs of the existence of a second and distinct isoenzyme appeared when
Kerr and co-workers [17] carried out biochemical characterizations of the seed and the leaf
ureases, showing that the enzymes differed on several characteristics, such as optimum pH,
apparent Km, inhibition profile by hydroxyurea and cross-reactivity against soybean seed
urease antibodies. These observations were further extended by Polacco and Winkler [18]
who found that the previously observed urease production by the cell cultures of a suppos‐
edly urease negative line actually corresponded to the production of a second isoform of
urease present in the tested tissues (leaf, callus, seed and cotyledon). The hypothesis of the
existence of more than one non-seed isoenzyme, very similar to each other but specific for
each tissue, was considered at the time. Since then, this second isoform was denominated

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

318



2. Soybean urease – more than one enzyme

During the course of urease history, there were several reports on the presence of nongenet‐
ic isoenzymes for C. ensiformis, which represented different multimeric interconversible
forms of the same enzyme. As many as 12 different forms of the protein could be observed,
depending on environmental factors such as temperature, pH, salt concentration, reagents,
etc [9-13]. Also, multimeric forms of the soybean urease were observed [14, 15]. By the com‐
parison of the purified urease from soybean seeds and a partially purified urease from a
soybean shoot cell culture, it was not possible to differentiate them on basis of electrophoret‐
ic species, size exclusion chromatography and immunoinhibition, but they seemed to be‐
have differently on a immunoaffinity chromatography, where 100% of the seed enzyme
would be retained in contrast with only 65 % of the culture urease [15]. Although the au‐
thors postulated that this behaviour may indicate the existence of two different enzymes, at
the time they could not reject the hypothesis of differentially processed forms of the seed en‐
zyme (glycosylated protein, etc).

The next indication of the existence of more than one genetic isoform of soybean urease
emerged a few years later, in 1982. After screening a collection of over 6,000 lines of soybean
seeds from the United States Department of Agriculture (USDA) Polacco and co-workers
were able to identify one urease negative soybean variety (Itachi) [16]. Interestingly, even
though no measurable amounts of urease could be detected in the seeds of the Itachi variety,
when cells from many parts of the plant were cultured, urease was produced in equivalent
amounts to the wild type soybean. Making use of immunoaffinity chromatography with
monospecific antibodies that retained 100% of the soybean seed urease, it was observed that
none of the cell culture ureases could be retained completely by the antibodies (70 and 45 %
for the wild type and Itachi, respectively). Some differences in the inhibition profile by hy‐
droxyurea were also observed, the ureases from both cultures (wild type and Itachi) being
less susceptible than the urease purified from the seeds. All these facts pointed to a similar
but still different urease synthesized in cell cultures as compared to the one present in the
seeds. However, the authors seemed to battle a little with the idea of a second genetic iso‐
form of urease, considering that the observed “heterogeneity” could be due to a glycosylat‐
ed seed urease.

More definitive proofs of the existence of a second and distinct isoenzyme appeared when
Kerr and co-workers [17] carried out biochemical characterizations of the seed and the leaf
ureases, showing that the enzymes differed on several characteristics, such as optimum pH,
apparent Km, inhibition profile by hydroxyurea and cross-reactivity against soybean seed
urease antibodies. These observations were further extended by Polacco and Winkler [18]
who found that the previously observed urease production by the cell cultures of a suppos‐
edly urease negative line actually corresponded to the production of a second isoform of
urease present in the tested tissues (leaf, callus, seed and cotyledon). The hypothesis of the
existence of more than one non-seed isoenzyme, very similar to each other but specific for
each tissue, was considered at the time. Since then, this second isoform was denominated
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ubiquitous soybean urease (herein referred as ub-SBU) while the seed isoenzyme would lat‐
er be denominated embryo-specific urease (herein referred as es-SBU) [19].

The data gathered in these studies set ground for investigations in different fields and to the
growing understanding of ureases, mainly in genetics, in the search for definitive answers
regarding the diversity of this enzyme.

3. The discovery of soybean urease genes

Buttery and Buzzell [14] can be considered the pioneers on genetic studies involving soy‐
bean urease. In their work they identified in the soybean seed two variants of urease show‐
ing distinct electrophoretical mobility, which they assigned as fast- and slow-moving forms.
These forms were later on characterized as the trimeric and hexameric forms of es-SBU, re‐
spectively [15, 19]. In their study, Buttery and Buzzell found the slow-moving form to be re‐
cessive, while the fast-moving form was considered dominant, and they concluded that a
single locus (named Eu, after enzyme urease) controlled the expression of these electrophor‐
eticaly variant forms. Many years later, Kloth and Hymowitz [20] advanced the investiga‐
tion on the two multimeric forms and, by performing a series of crosses between urease null
and wild type soybeans, proposed the existence of two codominant alleles, named Eu1-a, for
the hexamer and Eu1-b, for the trimer. The Eu1 gene, which encodes the es-SBU, was the
first urease related gene described for a plant.

Probably the biggest milestone on soybean urease genetics research was the identification of
null variants of es-SBU. First obtained by Polacco and co-workers [16], the variety Itachi was
found to lack both the es-SBU protein [21] and mRNA [22]. Later on, four more mutants
were identified [23], two lacking detectable amounts of es-SBU mRNA, and two producing
very low protein levels. One of these later mutants produced a much altered protein. All
those mutants were related to the locus Sun (for soybean urease null), and the Sun allele
(normal es-SBU) was dominant over the sun allele (null es-SBU activity) [23-25]. The fact that
allelic sun mutations affected urease transcript as well as es-SBU structure led to the conclu‐
sion that Sun and Eu1 describe the same locus, and that the Eu1-Sun is the single functional
es-SBU structural locus. Thus any mutant defective only on es-SBU is considered a Eu1 or
class I mutant. [25]. A genomic clone for urease was recovered from a soybean library and it
was shown that this urease coding sequence was absent from seed urease-null mutants [22].
This would be confirmed as the first partial sequence obtained for the es-SBU years later.

Mutations obtained from ethyl methyl sulfonate treatment of soybean seeds [23] revealed a
new class of mutants. Class II mutants produce normal levels of es-SBU and ub-SBU mRNA
and protein, however their enzymatic activity is completely absent [23, 26]. Mutants of this
class carry damage in one or both loci Eu2 and Eu3, which are unlinked to each other or to
Eu1. Studies on the urease profile during soybean development have shown that maximal
synthesis of es-SBU in the developing cotyledon lags the maximal urease activity, suggest‐
ing a very slow maturation process of the enzyme in vivo. The facts that es-SBU is a Ni2+

containing enzyme [15] and the presence of Ni2+ is absolutely required for in vivo urease ac‐
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tivity [27, 28] but not for urease synthesis [18, 21] are compatible with the assumption that
Ni2+ emplacement into the active site could be a limiting process for urease activation. Hol‐
land and Polacco [29] have shown that class II mutants present normal Ni2+ uptake and
translocation, thus eliminating the possibility that lack of access to Ni2+ was the reason for
the absence of activity of both ureases. These observations pointed to Eu2 and Eu3 having a
direct role on enzyme maturation probably by codifying proteins responsible for the Ni2+

emplacement, and that they are common for both es-SBU and ub-SBU [30]. As discussed lat‐
er, Eu2 and Eu3 were found to encode two different urease accessory proteins, involved in
the enzyme maturation process.

After those findings, the remaining question was: is ub-SBU codified by a single gene or are
there many tissue specific ureases? This question was clarified when mutants were obtained
that presented normal levels of es-SBU activity, but no ub-SBU activity in any tissue. Those
mutants were classified as class III mutants. Crosses between Class I and Class III mutants
are devoid of ub-SBU even in embryonic tissues. The presence of the protein was detected in
all tested tissues of class III mutants despite the lack of urease activity, showing that the le‐
sions affected directly the structural gene of ub-SBU resulting in the production of an inac‐
tive protein [26]. The lesions causing this effect were attributed to a new locus named Eu4
[26, 31-33]. This finding demonstrated that the ub-SBU was actually a single protein synthe‐
sized in all tissues, and confirmed the existence of two genetic isoforms of soybean urease. A
final blow on this question came when Goldraij and co-workers [34] finally obtained and se‐
quenced the cDNA of both isoforms showing that they are very similar, sharing 87% of
identity and 92% of similarity.

The genomic era brought with it the last pieces of the puzzle. The sequencing of the soybean
genome [35] confirmed the presence of the two previously described genes of urease, and
also revealed a third one (Glyma08g10850), which is believed to be inactive due to a high
number of deleterious mutations. Nevertheless, a residual activity was observed in double
mutants, lacking both es-SBU and ub-SBU, and accounted for 2 to 10% of activity compared
to the wild ub-SBU activity. This activity was designated as “background” and it was attrib‐
uted to microbial commensals in soybean tissues [26, 31, 36]. Alternatively, complementa‐
tion between the defective Eu4 gene and this third urease-like gene may cause the residual
activity [37]. The genome sequencing also brought light over the urease accessory proteins.
A single gene for UreG, two for UreF and two for UreD were identified in the soybean ge‐
nome. Table 1 summarizes the data derived from the soybean genome available at the Phy‐
tozome databank [38].

Phytozome

accession id
Gene (locus) Gene size (bp)

Protein

codified

Protein size

(aminoacids)
References

Glyma05g27840 Eu1 7736
Embryo-specific

urease
839 [23, 33, 34]

Glyma11g37250 Eu4 7287
Ubiquitous

urease
837 [23, 33, 34]
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Phytozome

accession id
Gene (locus) Gene size (bp)

Protein

codified

Protein size

(aminoacids)
References

Glyma08g10850 Not described 5849
Urease-like

protein
713 -

Glyma02g20690 Not described 3473
Accessory

protein UreD
308 [39]

Glyma20g17990 Not described 2786
Accessory

protein UreD
256 -

Glyma02g44440 Eu2 717
Accessory

protein UreF
238 [40]

Glyma14g04380 Not described 2032
Accessory

protein UreF
238 [40]

Glyma08g08970 Eu3 4000
Accessory

protein UreG
285 [41]

Table 1. Urease-related genes in soybean

4. The Intricate Process of Urease Activation – Much More Than
Structural Genes

The biosynthesis of metalloenzymes usually depends on the participation of several dedicat‐
ed proteins that are essential for the correct assembly of their active sites, and ureases are no
exception. The role of these accessory proteins consist on the stabilization of the apoenzyme
in a certain conformation that allows the correct insertion of the metal ion in the active site,
dissociating afterwards and releasing the mature enzyme [42]. This process has been fairly
studied for bacterial ureases, but the activation of plant ureases still demands more atten‐
tion. Thus it is described here based mostly on what is known for bacterial ureases.

The activation of ureases require two essential steps: the carbamylation of a lysine residue, that
will be responsible for bridging and, consequently, holding the two Ni2+ ions into place within
the active site; and the actual incorporation of the two Ni2+ ions in the active site. The best char‐
acterized system so far is that of Klebsiella aerogenes urease, for which four accessory proteins,
namely UreD, UreE, UreF and UreG, are required for complete activation [2]. Although many
efforts have been put on characterizing these proteins, the precise role of each one in the com‐
plex process of urease activation is still not clearly understood. These proteins appear to be
well conserved among urease producing bacterial organisms and even for higher organisms as
plants. In K. aerogenes, the accessory proteins bind consecutively to the apourease (apU) form‐
ing the following complexes: apU-UreD, apU-UreDF, apU-UreDFG [2, 43]. UreE, a Ni2+ bind‐
ing protein, is the last accessory protein proposed to bind to the complex apU-UreDFG and
deliver the metal to the enzyme active site [44]. The process of urease activation requires the

Soybean Urease: Over a Hundred Years of Knowledge
http://dx.doi.org/10.5772/52106

321



hydrolysis of GTP by UreG, after which the accessory proteins dissociate from the active en‐
zyme. A preformed UreDFG complex could be isolated from bacteria lacking UreE [45]. If the
accessory proteins act on apU as a preformed complex or in a sequential binding fashion, is a
matter that demands further investigation. However, the sequential binding model is to date
the most accepted and the one supported by most evidence.

Although the exact role of each accessory protein has not been clearly assigned, some gener‐
al lines can be traced for their individual actions. The current sequential model assumes that
UreD is the first accessory protein to interact with urease. UreD is yet the least characterized
protein and it seems to serve as an adapter for the other accessory proteins since neither
UreF or UreG are able to bind urease directly in the absence of UreD [2]. UreF interacts di‐
rectly with UreD and it has been proposed that UreF would be responsible for promoting a
conformational change in apU, providing better access to the active site of the protein and
allowing the next steps of the process to take place [46]. Recently, a structural model of UreF
has indicated that this protein shares structural similarities to some GTP activating proteins
(GAP) [47]. UreG is an intrinsically disordered GTPase, as reported for organisms such as
Helicobacter pylori, Bacillus pasteurii, Micobacterium tuberculosis and also Glycine max [48-53].
UreG binds to UreF and, through the cleavage of GTP, provides the necessary energy for the
activation process. It is also postulated that GTP cleavage in the presence of CO2 could form
carboxyphosphate, an excellent carbamylation agent [46, 54]. UreG GTPase activity, when
detectable, seems to be very low in comparison to other GTPases. It has been proposed [46]
that the intrinsically disordered structure of this enzyme serves as a regulatory mechanism
of its activity, which would be only maximized when, inserted in the activating complex, it
acquires its fully folded state. It is also hypothesized that UreF would act on UreG as a GAP,
enhancing its enzymatic activity, although, this hypothesis still waits to be tested.

Available sequences of bacterial urease accessory proteins led to the search of potential or‐
thologs in plants, and the identification of UreG (Eu3) in soybean. This was the first evi‐
dence of accessory proteins in plants [41]. Soybean cDNAs for UreD and UreF proteins were
also identified later [39], but none of them were assigned as the Eu2 gene. To date, no UreE
equivalent in plants has been identified and sequence analyses supports the hypothesis that
its functionality is incorporated into UreG which, in plants but not in bacteria, presents an
extended N-terminal rich in aspartic acid and histidine residues. The property of soybean
UreG to bind metal ions has been demonstrated [41, 53]. A study in A. thaliana [55] has
shown that UreD, UreF and UreG are necessary and sufficient to activate urease, since
knockout plants for any of the accessory proteins genes lack urease activity. They also
showed that simultaneous co-expression of all accessory proteins together with A. thaliana
urease structural gene was able to generate urease activity on Escherichia coli cells. Also the
Oriza sativa urease could only be activated when all of its three accessory proteins were co-
transformed in tobacco [56].

With the exception of dimeric ureases described for some plants, such as canatoxin from C.
ensiformis [5], and the ureases from Morus alba [57] and Momordica charantia [58], all reported
ureases share a basic trimeric state that may aggregate to form larger oligomers, as hexam‐
ers in the case of most plant ureases, in which each monomer carries one active site. For bac‐
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teria, each unit of this trimer is usually itself a heterotrimer composed by the subunits UreA,
UreB and UreC which co-align with plant ureases with over 50% identity. Thus the single
type polypeptide chain of plant ureases corresponds to the collinear fusion of the bacterial
subunits (UreA-UreB-UreC). It is curious to notice that despite the high similarity between
plant and bacterial ureases, some of the accessory proteins do not share the same degree of
sequence identity. Plant and bacterial UreG are very similar, with about 40% of sequence
identity, but plant UreD and UreF share only about 20% of sequence identity with their bac‐
terial counterparts [56]. Considering this discrepancy, a recent work using in silico structure
prediction tools, has shown that despite the sequence disparities, UreF proteins are very
conserved at the structural level [56]. Plant UreD, although sharing some structural similari‐
ties, possess some marked differences when compared to their bacterial counterparts. This
different overall structure of plant and bacterial UreD is hypothesized to reflect distinct re‐
quirements for interaction with the bacterial heterotrimeric or the plant single polypeptide
urease unit [56].

Despite the fact that the presence of the set of accessory proteins is enough to get ureases
activated, there seems to be more to it concerning regulation. In bacteria, UreF and UreD are
expressed in very low levels, and it has been shown that over expression of these proteins
can hamper urease activation [59, 60]. It has been proposed that differential splicing generat‐
ing aberrant mRNA could reduce UreD production in plants [55]. Cao and co-workers [56]
reported for ureF an intron in the 5’leader conserved among 16 plant genomes and they no‐
ticed that in almost every case the spliced transcript would be free of AUG codons upstream
of the start codon. Special attention was given to the two ureF genes from soybean which,
although both are spliced at the 5’ leader, only the paralog in chromosome 2 (Gly‐
ma02g44440) has all the nonstart AUG codons removed. The transcript of the paralog from
chromosome 14 (Glyma14g04380) has an out of frame AUG codon upstream of the start co‐
don and therefore was postulated to be ineffectively translated and consequently non func‐
tional. In the same work, a low splicing efficiency of AtureF was observed, which led to the
conclusion that for some plants the 5’ leader sequence may have a regulatory role in reduc‐
ing the amount of ureF mRNA either by differential splicing (Arabidopsis) or translational in‐
hibition (soybean). Limited expression may be required to ensure that UreF and UreD
dissociate from urease after activation to release the active enzyme and that the putative
GTPase activating protein UreF does not trigger UreG activity in the absence of urease [56].
Both UreD and UreF have been observed to be very unstable proteins either in plants [56] or
bacteria [59], and this intrinsic instability possibly contributes to the regulation of their activ‐
ities in vivo [56].

As mentioned above, soybean genome contains two UreF genes. The one in chromosome 14
UreF (Ch14UreF) has previously been characterized and demonstrated to activate the urease
from S. pombe [39], but the UreF encoded by chromosome 2 (Ch02UreF) remains to be char‐
acterized. Until recently, the product of Eu2 gene was not identified, and it had been pro‐
posed that Eu2 could represent the functional paralog of UreD or UreF. Analysis of soybean
Eu2 mutants revealed that missense mutations resulted in the expression of an altered form
of Ch02UreF protein [40]. Interestingly, these mutants presented no urease activity, even
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though the Ch14UreF is present and is supposed to activate urease. Another mutant, in
which the expression of Ch02UreF was impaired, presented 5-10 % of the wild type urease
activity. The authors presented two possible explanations for the results. The first one con‐
sidered that Ch02UreF could spoil activation by Ch14UreF because of a higher affinity for
the activation complex. The second explanation, favoured in their work, proposed that
Ch02UreF is more abundant than Ch14UreF, which would be less efficiently translated.
Therefore, in Eu2 mutants, the missense mutants of Ch02UreF block the access of Ch14UreF
to the urease activation complex, preventing activation [40].

As pointed out here, although accessory proteins differ widely according to their source, the
process of urease activation seems to be very well conserved. Among plants, the urease acti‐
vation complex seems to be structurally very similar, since accessory proteins from different
plants are able to functionally complement each other. Rice urease, for instance, can be acti‐
vated by Arabidopsis bulk of accessory proteins, and UreD and UreG from rice can replace
the native accessory protein in mutants of Arabidopsis [56]. The similarities of the activation
process seem also to break the kingdom barrier. Soybean UreF has been shown to comple‐
ment the Saccharomyces pombe accessory set [39], and UreG from potato (Solanum tuberosum)
complements the K. aerogenes operon [61].

5. The Physiological Role of Soybean Ureases

After carbon, nitrogen is the main limiting element for plant performance [62], and there is a
constant pressure on plants for efficient use of N leading to the development of efficient
mechanisms for N uptake and metabolic pathways for N remobilization [37, 56]. Such a
pressure even led to a reduction of N content of plant proteins [63]. Urea is an important
primary source of N for plants. The action of arginase is the only confirmed pathway for
urea generation in vivo; urea could also be generated by the degradation of purines and ure‐
ides [64], although this later pathway is very controversial. Urea can only be assimilated af‐
ter its hydrolysis into ammonia and carbon dioxide by urease [65], and that is the main
physiological role attributed to ureases in plants [37]. Ammonia will then be re-assimilated
by glutamine synthetase using glutamate as substrate [66]. Urease activity is present virtual‐
ly in all plant species and is ubiquitously distributed in all plant tissues [18, 31, 67], which is
indicative of the great importance of its physiological role for the whole plant. For a long
time, the relevance of plant urease-mediated metabolism of urea was considered not signifi‐
cant, since it was assumed that urea was hardly taken up by the plants, but instead degrad‐
ed by microorganisms in the soil and then the ammonia and nitrate were absorbed. Today, it
is well known that plants can actively import urea from the soil, through the activity of
dedicated urea transporters [68] and can also efficiently process soil-imported urea, even at
high concentrations. These findings point at urease as a target for studies on improving
plant N metabolism based on urea, the most used N fertilizer in the world [69].

Soybean makes a very interesting model for studies on the physiological role of urease in
plants, since it is so far the only genome-sequenced plant that presents more than one isoform
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of the enzyme. ub-SBU has long been known to be the isoform responsible for recycling all
metabolically derived urea [19, 70, 71]. This has been demonstrated since mutants lacking es-
SBU do not accumulate urea in any tissue and do not have any impairment on the use of urea as
sole nitrogen source, even though ub-SBU is present at levels only 0.1 to 0.3% that of es-SBU
[19, 72]. Soybean mutants lacking ub-SBU activity present a characteristic phenotype consist‐
ing of necrosis of leaf tips, due to urea “burn”, and accumulation of urea in many tissues [32,
36]. Urease is the only Ni2+ dependent enzyme yet identified in plants and the same pheno‐
type, early mentioned, is observed for plants grown under Ni2+ deprivation [27].

Interestingly, no physiological role, being it assimilatory or of any other nature, could be dem‐
onstrated for the very abundant es-SBU. In fact, wild-type cultured cotyledons could not grow
in the presence of urea, due to a sudden pH increase resultant of an uncontrolled ammonia re‐
lease. The same effect was not observed for mutants that have only ub-SBU [36]. It was inferred
that es-SBU could be involved in plant defense against predators. A chemical protection was
postulated for the case of microbial or insect attack. By this model, wounding or infection of the
immature embryo would lead to arginase release from ruptured mitochondria which would
generate urea from the large pool of arginine and cytoplasmic urease would rapidly convert
urea to ammonia [32]. This hypothesis still waits demonstration, but it has been reported that
mutants lacking urease activity were more susceptible to microbial infections [73]. As it will be
discussed in the next section, es-SBU can be involved in plant defense not only by conferring
chemical protection, but also ureolysis-independent mechanisms, including the generation of
toxic peptides. On the other hand, it is tempting to propose that the third urease found in the soy‐
bean genome (Glyma08g10850), that apparently has no enzymatic activity, can also be involved
in other physiological roles in the plant, such as plant defense, and some indications of that have
already been reported (see the next section).

6. New features of an old protein – activities unrelated to the enzymatic
one

As stated above, no definite answer to the question of the physiological relevance of es-SBU
has been given, since the demonstration that this enzyme plays no role in nitrogen assimila‐
tion from urea [32, 65, 73]. During the course of the last decade, a number of biological prop‐
erties unrelated to the enzymatic activity were described for plant ureases, launching a new
look over these proteins and their physiological roles. Table 2 summarizes some of these
overlooked biological activities of plant ureases. The main discoveries were made for the
jackbean ureases (CNTX and JBU), revealing several interesting properties, such as entomo‐
toxicity [74-77], fungitoxicity [78, 79] and secretory activity [5, 80].

Some of the biological properties described for jackbean’s ureases, such as the entomotoxic
and fungitoxic activities, are shared by soybean urease. es-SBU displays toxicity toward in‐
sects, as demonstrated by [75]. es-SBU is toxic to Dysdercus peruvianus, a cotton culture pest,
at doses as low as 0.05% (w/w), causing a decrease on insect body weight, delayed develop‐
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ment and death. This toxicity was maintained after treating es-SBU with p-hydroxymercuri‐
benzoate (an irreversible urease inhibitor), confirming that the entomotoxic property was
independent of the enzymatic activity. For the jackbean ureases, it has been demonstrated
that this entomotoxic effect is a highly complex event, involving the intact protein as well as
the release of a toxic peptide [82, 89, 90]. Jackbean ureases and their derived peptides affect
several physiological processes in the insects, including the fluid transport across mem‐
branes [83, 91, 92]. So far, no studies regarding es-SBU mechanism of action in insects were
performed, but it reasonable to assume that, due to their very similar sequences (92% of sim‐
ilarity), es-SBU and JBU would have the same targets in these organisms. The sequence of
the entomotoxic peptide identified in CNTX and JBU, is present in es-SBU and ub-SBU [90].
These findings also support the hypothesis of a similar mode of action in insects.

Activity CNTX JBU es-SBU GHU

Entomotoxic

Rhodnius prolixus,

Callosobruchus

maculatus [74], Nezara

viridula [81], Dysdercus

peruvianus [75, 76]

Dysdercus peruvianus [75, 76,

82], Rhodnius prolixus [83]

Oncopeltus fasciatus [77]

Dysdercus

peruvianus [75]
N.D.

Fungitoxic

Macrophomina

phaseolina,

Colletotrichum

gloesporioides,

Sclerotium rolfsii [78]

Fusarium solani,

Colletotrichum musae,

Curvularia lunata, Penicillium

herguei, Fusarium oxysporum

[79].

Colletotrichum

musae, Penicillium

herguei, Curvularia

lunata, Fusarium

oxysporum [79].

Colletotrichum

musae, Penicillium

herguei, Curvularia

lunata [84].

Secretory

Rabbit platelets [85,

86], rat brain

synaptosomes [86], rat

pancreatic cells [87], rat

mast cells [88]

Rabbit platelets [5, 75]
Rabbit platelets

[75]
N.D.

Toxicity to

mammals
2 mg/kg (LD50) [5] Not toxic [75] Not toxic [75] N.D.

Table 2. Properties of plant ureases unrelated to the enzymatic activity; N.D. = not determined; GHU = Gossypium
hirsutum urease

Another very interesting property presented by es-SBU is its fungitoxic activity. es-SBU sup‐
pressed mycelial growth and/or inhibited spore germination of a series of fungi species and,
as demonstrated for the entomotoxic property, this effect also does not require the protein’s
ureolytic activity [79]. The precise mechanism of action of ureases on fungi has not been elu‐
cidated so far, being proposed that ureases may interfere with the cellular osmotic balance.
Recently, evidences of the participation of ub-SBU in soybean resistance to fungi were re‐
ported [93]. Soybeans mutants, lacking ub-SBU, were more susceptible to necrotrophic fun‐
gi, such as Penicillium herguei, Phomopsis sp and Rhizoctonia solani, and to the biotrophic
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pathogen Phakopsora pachyrhizi, responsible for the Asian soybean rust disease. In accord‐
ance to a defense role of ub-SBU against fungi infection, a rust-resistant soybean cultivar
(PI561356) had a higher level of expression of ub-SBU after infection with P. pachyrhizi, in
comparison with a susceptible cultivar (Embrapa-48) [93].

These toxic activities, unrelated to the ureolytic one, are interesting findings that point to a
possible role of ureases in plant defense against insects and fungi. However, plant ureases
also have others bioactivities, that seem not related to plant physiology. JBU and es-SBU
were shown to activate exocytosis in blood platelets causing them to aggregate, an effect
shown to be independent of their enzymatic activity [75]. This exocytosis-inducing property
may be relevant to some urease-producing microorganisms such as Bacillus pasteurii and
Helicobacter pylori [94, 95] but it is unlikely to have a more specific significance for plants.
Nevertheless, Carlini and Polacco [73] hypothesized that the secretion-properties of bacterial
and plants ureases may play a role in rhizosphere relationships.

7. Soybean as animal feed – what urease has got to do with it?

It is estimated that soybean meal accounts for around 67% of all protein sources used in ani‐
mal feeds around the world [96], due mainly to its high protein concentration (44 to 48%)
[97]. Nevertheless, soybean contains an unusually large number of bioactive compounds
with antinutritional and/or toxic properties, which have a negative effect on body metabo‐
lism of animals [98]. Urease is one of these factors. Urease content was not evidently differ‐
ent among 11 soybean cultivars tested [99]. In contrast, urease content was found very
variable among several other soybean cultivars [100-102], and the levels of urease correlated
positively with antinutritional effects in rats [101].

The negative effects of using urease-containing meals as animal feed are reported in the lit‐
erature. Urea is frequently added to animal feed and, when unprocessed soybeans are
mixed with urea, ammonia will be released by the action of urease, which is an undesired
effect in a mixed feed [103]. In ruminants, ammonia rapidly enters the blood and can cause
adverse affects ranging from depressed feed intake and animal performance, to death from
ammonia toxicity [104]. In dairy cows, the liver, responsible for removing potentially toxic
ammonia from circulation, was able to remove ammonia added to portal blood until the
supply reached 182 mg/min but, at higher infusion rates, peripheral blood ammonia concen‐
trations increased, supporting the assessment that a rapid hydrolysis of dietary urea can ex‐
ceed the liver’s capacity to remove it [105]. In chickens, it was demonstrated that soybean
meals from one particular source consistently produced a high incidence of tibial dyschon‐
droplasia (TD) and the most striking difference between the meals was the high antitrypsin
and urease values in those that induced the disease [106]. The incidence of TD was demon‐
strated previously to be increased in broilers when ammonium chloride (1.5 or 30%) was
added to the diet [107], but not when calcium chloride was used [108]. These may be indica‐
tions that the release of ammonia by urease could play a role in the incidence of TD in soy‐
bean meal fed chickens.
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In order to allow the addition of supplemental nitrogen to the animal feed, while protecting
the animals against the production of toxic levels of ammonia, pre-treatment of the soybean
meal is necessary. Heat treatment is the main method used to abolish or decrease the effects
of the antinutritional and/or toxic factors in soybean, including urease [109, 110], but these
treatments should be kept to a minimum, due to the possibility of destroying important seed
constituents [98]. To abolish urease activity, several treatments are effective, including
steam-heating at 102 °C for 40 min or at 120 °C for 7.5 min [109], boiling at 92 °C for 60 min
[101], and dry-heating at 100 °C and 2 kgf/cm2 for 60 min [111]. All those treatments abolish‐
ed urease activity, along with a decrease of several antinutritional factors.

The best way to evaluate the adequacy of the processing and final quality of soybean meals
is conducting biological tests. However, the cost, time requirement and complexity of these
tests impair their use. Since the 1940’s, the urease test is used as an indirect way to evaluate
the adequacy of heat processing of soybeans due to its rapidity, low skill and minimum
amount of laboratory equipment requirements. One research study [109] showed a high cor‐
relation among the activities of trypsin inhibitors, urease and lectins, indicating that the ade‐
quacy of soybean processing can be estimated to a considerable extent by these analytical
criteria. Over the years, many protocols were developed to facilitate the measurement of
urease activity. These protocols quantify the released ammonia directly or indirectly. One of
the first to be developed, in the Caskey-Knapp method [112] the meal is incubated with urea
in a buffered solution and then phenol red is added. After incubation, insufficiently process‐
ed meals will cause an increase in the pH of the solution, indicated by a change in color
(from red-orange to pink), while adequately processed meals produce little or no color
change. One study [113] proposed an alternative method, with the potential to differentiate
between meals with low levels of urease activity, based on the incubation of the meal with
urea in a buffered solution and the colorimetric determination of the residual urea with p-
dimethylaminobenzaldehyde. A method for direct titration of ammonia as a measure of ure‐
ase activity was proposed [114] and adapted [115], in which the incubation of urea and the
meal is performed, maintaining the pH of the solution by slowly adding HCl. The system is
then titrated with NaOH. The difference in titration between a control (urease inactivated)
and the sample is taken as the urease activity of the meal. Two other methods were devel‐
oped to determine ammonia directly, based on the phenol-hypochlorite reaction [116, 117].

Several modifications and adaptations of these methods were developed during time. But,
regardless of the method chosen, urease activity is a very good indicator of under process‐
ing of soybean meals. It is worth noting, however, that this activity is not a good indicator of
over processing of soybean meals.

8. The biotechnological potential of soybean ureases

The questions of why are ureases so large, and why are they multimeric have been raised,
and a possible explanation is that a “primordial” enzyme could have acquired other “traits”
under the evolutionary pressure of competition in an increasingly complex biosphere [73].
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In the view of these “extra traits” discovered for ureases, some biotechnological applications
can now be proposed.

Soybean can be attacked by many different organisms, including fungi, insects, virus and
nematodes. These pathogens and pests can cause damage in seeds, roots, leaves, stems and
pods, and usually are tissue-specific [118]. And, despite control measures, pests reduce
worldwide soybean production by almost 28% [119]. The development of new technologies
to control these pests is urgent, and exploring natural plant compounds is a major strategy.

Plant ureases and their derived peptides have a great biotechnological potential. Ureases are
abundant in many edible sources, including legumes and potatoes, and even eaten raw in
cucumbers, or fruits such as melon and watermelon [73]. Thus, possible biosafety issues
could be more manageable. Since JBU, es-SBU and the derived peptide Jaburetox seem non
toxic to mammals [75, 90], the entomotoxic and fungitoxic properties of these molecules are
relevant when considering biotechnological strategies aiming to protect commercially-rele‐
vant crops against natural enemies. The evidences of an in vivo effect of soybean urease in
protecting the plant from fungi [93] are exciting. The possibility of selecting soybean culti‐
vars with higher urease content or increasing the production of these proteins in the plant
through genetic manipulation, in order to increase the resistance against insects and fungi, is
very promising. Also, the premise of using plant naturally occurring proteins to improve re‐
sistance seems much more appealing to the general public than the alternative of inserting
foreign genes (from microorganisms or animals) into crops.

As pointed out a long time ago [15, 120], soybeans with a high content of ureases could also
be agronomically valuable, regardless of the defense role, for permitting more efficient as‐
similation of urea fertilizer by the plant. Also, considering the wide use of soybean meal as
animal feed (as discussed above) and the potential of being a protein source for humans, a
higher urease content in soybean could be interesting for improving soybean nutritional
quality, after the appropriated processing, since urease is richer in methionine than many
others soybean seed proteins. Soybean has a limited amount of sulfur aminoacids, almost
half of which are considered ideal for animal feed. Although this problem can be overcome
by feed supplementation with free methionine, there are problems associated with the sup‐
plementation, such as leaching of methionine during processing and bacterial degradation
leading to formation of undesirable volatile sulfides [121]. Improving the content of methio‐
nine in soybean through the increase of the biosynthesis of endogenous proteins, such as
ureases, is a very interesting approach.

9. Conclusion

Soybean ureases were undoubtedly landmarks in science, being the subject of investigations
since the beginning of the 1900’s. But, despite the more than one century of studies, we still
have a long way until fully understanding the complexity of such a striking molecule. The
many properties of these proteins revealed that ureases are much more than urea hydrolyz‐
ing enzymes, and present a vast array of interesting biotechnological applications. Exploring
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the toxic properties of plant ureases can be of great interest for the development of alterna‐
tive strategies to protect agricultural relevant crops against several natural enemies.
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Chapter 16

Explanations for the Rise of Soybean in Brazil

Eduardo Antonio Gavioli

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/51678

1. Introduction

1.1. Historical developments of Soybean Culture

Early reports indicate that the soybean culture came to Brazil around 1882, to the state of
Bahia where the Teacher Gustavo Dutra conducted the first studies to evaluate cultivars. Be‐
tween 1900 and 1901, the Agronomic Institute (IAC), in Campinas, São Paulo state, promot‐
ed the first distribution of soybean seeds to producers in the state.

In this same period, soybean culture reached the state of “Rio Grande do Sul”, where climat‐
ic conditions are similar to the southern U.S. The original introductory varieties came from
the southern U.S. Soybean production first occurred in the city of Santa Rosa in the state of
“Rio Grande do Sul”, in 1914 [1]. Research began during the 1930’s with the following
breeding objectives: increased productivity; greater plant height and appropriate pod height
to facilitate mechanization; development of lodging and pest resistance, and increased seed
quality with high oil yield and protein [3].

The first national farm statistics, the Agricultural Yearbook of the “Rio Grande do Sul” state,
was published in 1941 and indicated that the production area of only 640 hectares generated
450 tons. By 1949, the production in Brazil had grown to 25,000 tons. This was the first time
that Brazilian production figures were recorded in international statistics. By 1970, soybean
production had spread throughout the temperate and sub-tropical latitudes (near or above
the 30⁰S Lat).

During the 1970’s, soybean was established as the main crop of the Brazilian agribusiness,
rising from 15 million metric tons to over 15million metric tons. There was an increase of the
cultivated areafrom 1.3 to 8.8 million hectares, and of the productivity from 1.14 to 1.73 t /
ha. Soybean culture was concentrated in the southern region of the country, with more than
80% of the total production [1].
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Several factors contributed to the establishment and development of the soybean culture in
southern Brazil: similarity with southern U.S, the region from which soybeans were intro‐
duced to Brazil; introduction of liming and correction of soil fertility; tax incentives; in‐
creased use of vegetable oil vs. animal fats; establishment of a significant industrial soybean
processing infrastructure; crop mechanization; emergence of dynamic and efficient coopera‐
tives; establishment of a well-coordinated network of research; and improvements in roads,
ports and communications [1].

Another important factor that explains the rise of soybean production in southern Brazil
was that prevailing photoperiod and temperature characteristics directly influenced pheno‐
logical development and yield. Spread of soybeans out of this region to central and northern
Brazil and lower latitudes would depend on the development of new phonologically adapt‐
ed varieties to these areas [2].

Brazil is located in the eastern part of South America between 5°16' N and 33º44' S latitudes
(Figure 1). Photoperiod differences between the southern and northern portions of the coun‐
try have inhibited the expansion of soybean from the original southern base to central and
northern Brazil.

Figure 1. Map of Brazil, with its divisions into states, positioned in the South American continent between the paral‐
lels of 5°16' N and 33º44' S latitudes.
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Research development of varieties adapted to these new areas of production began at the
Agronomic Institute (IAC) in Campinas, ''São Paulo'' State, and the National Center for Soy‐
bean Research. In the 1970s, breeding studies were initiated from crosses of North American
cultivars, which had the long juvenile trait. Thousands of genotypes are maintained in the
Embrapa soybean (CNPSo) germplasm bank in Londrina, ''Paraná'' State. The Brazilian Ag‐
ricultural Research Corporation (Embrapa) is under the Ministry of Agriculture. Its mission
is to facilitate solutions for research, development and innovation for sustainable agriculture
for the benefit of the Brazilian society. The National Center of Soybean Research (CNPSo) is
a unit of Embrapa.

The entire germplasm collection is maintained at the Embrapa Genetic Resources in Brasília
(Brazil’s capital). Most of these accessions are plant introductions from North America
which are derived from original plant introductions from China, Japan and other countries
with wide genetic diversification [4].

1.2. Expansion of Culture

Because of Brazil’s research efforts, developed cultivars were adapted to the short photoper‐
iods of central and northern Brazil. This allowed the soybean expansion to the Cerrado re‐
gion of Brazil, an area of more than 200 million hectares of undeveloped potential crop land.
Brazil is now the second biggest soybean producer in the world with an average yield close
to 3,000 kg/ha.

The world and Brazilian production, supply, and trade of soybeans are presented in Tables
1 and 2, respectively, from the 2006/2007 to 2009/2010 growing seasons. Brazil is established
as the second largest producer, only behind the United States, and now contributes with
about 33% of the world’s exported soybean. In the case of end-of-year stocks, the Brazilian
product represented approximately 29% of the world supply. During this four-year period,
Brazil produced an annual average of 232,550 million metric tons of soybeans, which ac‐
counted for 26.50% ofthe world production (61.70 million tons).

Balance 2006/2007 2007/2008 2008/2009 2009/2010

Initial stock 53.206 63.155 52.886 43.973

Production 237.126 221.006 211.964 259.896

Imports 69.066 78.118 77.168 86.661

Total supply 359.398 362.279 342.018 390.530

Exports 71.315 79.589 77.253 89.575

Consumer 224.928 229.804 220.792 237.435

Final stock 63.155 52.886 43.973 63.520

Table 1. World balance of supply and demand for soybeans in thousands of metric tons.Source: USDA. Preparation:
[5].
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In the 2010/2011 season, Brazilian soybean production rose to 75.0 million metric tons, cov‐
ering a cultivated area of 24.2 million hectares and an average yield of 3,106 kg/ha. “Mato
Grosso” was the state with the greatest production (20.4 million metric tons), cultivated area
(6.4 million hectares), and yield (3,190 kg/ha).“Paraná” state was the second largest produc‐
er, with production of 15.4 million metric tons, cultivated area of 4.6 million ha and yield of
3,360 kg/ha [6].

Balance 2006/2007 2007/2008 2008/2009 2009/2010

Initial stock 16.641 18.189 18.898 12.037

Production 59.000 61.000 57.800 69.000

Imports 53.000 150.000 44.000 185.000

Total supply 75.694 79.339 76.742 81.222

Exports 23.485 25.364 29.986 28.350

Consumer 34.020 35.077 34.719 36.175

Final stock 18.189 18.898 12.037 16.697

Table 2. Brazilian balance of supply and demand for soybeansin thousands of metric tons.Source: USDA. Preparation:
[5].

In the most recent growing season (2011/2012), Brazil produced around 66.5 million tons fro‐
man area of 24.7 million hectares, with an average yield of 2,692 kg/ha [6]. The decrease on
the production was due to a severe drought that occurred throughout the soybean-growing
region. Soybean occupied about 48.9% of Brazil’s cropland in that growing season and con‐
tributed to about 42% of the country’s agricultural output. The central states of“Mato Gros‐
so, Mato Grosso do Sul and Goiás”, with more than 10 million hectares, represent
approximately half of all Brazil’s soybean cultivated area.

Many factors contributed to the establishment of soybean, firstly in southern Brazil (in the
1960’s and 1970’s) and later in the Cerrado region of central Brazil (in the 1980’s and 1990’s)
[1]. With respect to the central region of Brazil, the wide and rapid soybean acceptance can
be attributed to:

Transfer of the national capital from Rio de Janeiro to Brazil’s interior in the 1960’s, what
resulted in a great deal of infrastructure construction including roads, communication, and
economic development;

Tax incentives were made available for open new areas of agricultural production, as well as
for the acquisition of machinery and construction of silos and warehouses;

Establishment of agro-industries in the region, stimulated by the tax incentives that expand‐
ed the agricultural frontier;

Low land values in the central region compared to the southern region during the 1960-1980
period, encouraging the purchase of new farms;
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The relatively plain topography of the Cerrado, which was highly favorable to agricultur‐
al mechanization;

Good physical soil condition in the region; Improvements in the transport system, such as
road, railway, and water transport that aided the marketing of soybean and other crops
grown in the region;

New farmers, from southern Brazil, moving into the area, who already had a high technical
knowledge of soybean production;

Rainfall in the region, which is highly favorable for summer crops, in contrast to the fre‐
quent dry spells occurring in the South, notably in “Rio Grande do Sul” [1].

Currently, soybean (Glycine max (L.) Merrill) is cultivated in almost all regions of the coun‐
try. The biggest innovation that has aided the extension of soybean production across this
vast north/south expanse was the development of the long juvenile trait.

The creation of CNPSo - Embrapa in 1975 consolidated the soybean research and greatly en‐
hanced its production and quality. The transfer of this new technology to the farmers aided
the expansion of soybean in Brazil. During the 1980’s and 1990’s soybean expanded again,
this time into the tropical region in central Brazil.

From only 2% of the national production in 1970, soybean production in Mato Grosso in
central Brazil expanded to 20% of the production in 1980, and then to 40% and 58% in 1990
and 2002, respectively. This transformation has promoted the state of “Mato Grosso” to the
national leader on the production and yield of soybean [1].

Data from the Brazilian Institute of Geography and Statistics (IBGE) demonstrates the ex‐
pansion of cultivation into the interior of the country in the period between 1976 and 2012
(Figure 2).

Figure 2. Brazilian soybean area in two regions in the period between 1976 and 2012. Source: [6].
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Data for soybean production in two regions are shown in Figure 3 for the period between
1976 and 2012. The production increase in central Brazil made it the largest soybean produc‐
er in the country.

The southern region, which consists of “Rio Grande do Sul”, “Paraná”, and “Santa Catari‐
na”, is now the second biggest producer. The stunning increase in soybean production dur‐
ing this period is similar to the rise of sugar cane during the colonial period and the rise of
coffee during the Empire era.

The explosive growth of soybean production in Brazil (30 fold increase across a 30-year peri‐
od) has profoundly changed the Brazilian agriculture. It has boosted farming activities;
modernization of the transport system; expansion of the agricultural frontier; professionali‐
zation and expansion of the international trade; modification and enrichment of the Brazil‐
ian diet; acceleration of the country’surbanization;and population movement from coastal to
the interior areas [1].

By the 2010/2011 growing season, soybean production had reached the equatorial region of
northern Brazil. Thus, a crop that originally was grown only in southern Brazil became well
established in central Brazil and continued to advance into northern Brazil.

Data in Figure 4 shows that 82% of production come from the states of “Mato Grosso”, “Par‐
aná”, “Rio Grande do Sul’ and “Goiás”.

However, 13% of soybean production come from the northern state “Tocantins” and the
northeast states “Maranhão”, “Piauí” and“Bahia”.

Figure 3. Brazilian soybean production in two regions, in the period between 1976 and 2012. Source: [6].
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Figure 4. Brazilian soybean production in 2010/2011 harvest, divided among the states with the highest percentage
of harvested grains. Source: [7].

2. Flowering of soybean

2.1. Photoperiod and Photoperiodism

Soybean culture is sensible to photoperiod and temperature and, due to the great diversity
among cultivars, problems of adaptation to certain areas may occur [2]. In environments
with constant photoperiods, temperature greatly influences flowering time [8]. There is an
inverse relationship between temperature and the average number of days to first flower [9].
Days to first flowering are minor when over night temperatures range from 21 to 27°C. As
temperatures fall below this range, first flowering is delayed. Above 27°C, flowering is
largely inhibited [10].

The length of a day is known as photoperiod and plant developmental responses (i.e. phe‐
nology) to photoperiod are called photoperiodism [11]. Photoperiod affects not only days to
first flowering, but also lengths of subsequent developmental stages. Variations in the day
length are determined by latitude and planting date and both affect photoperiod becauseof
tilting of the earth’s axis. Plants may respond differently to these changes, as they cause
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modifications on some processes such as seed germination, inhibition of stem elongation,
synthesis of chlorophyll and anthocyanin, leaf expansion, flowering and tuberization. The
process by which light regulates plant development is called photomorphogenesis [12].

Soybean is strongly influenced by photoperiod so the culture grows and develops according
to which photoperiod is subjected. Soybean is classified as a quantitative short-day plant,
which means developmental timing is greatly speeded up and reproductive growth en‐
hanced when day length falls below a critical level. This critical level (called the critical pho‐
toperiod) differs with cultivar and maturity group. Soybean responds differently to day
length. Differences were observed during the flowering period of soybean when grown on
different dates. The discovery of the importance of photoperiod on soybean flowering ena‐
bled the soybean classification as short-day plants [8].

Another important concept is the meaning of critical photoperiod, which is related to the
quantity of light hours that can cause flowering. The time interval, in number of days be‐
tween emergence and flowering, is influenced by temperature and photoperiod. There is a
limit of the short-day length necessary to induce or to stop flowering. This period is charac‐
terized as critical photoperiod [13]. The length of the critical photoperiod also varies among
soybean cultivars [14].

The soybean, classified as a short-day plant, only flowers, or flowers more rapidly, when the
number of light hours does not exceed the critical period of the considered cultivar for each
24-hour cycle [15].

When undergoing photoperiodic induction, leaf buds are transformed into flower buds. The
development of the flower primordial in the Biloxi cultivar started under short days and the
flowers opened after three weeks, showing that there is a period between the received in‐
duction and anthesis [16]. The authors concluded that initiation of floral induction in soy‐
bean occurred with the expansion of the first primary leaves. Further research with Biloxi
demonstrated that floral buds were initiated when there was a minimum night length of 10
and a half hours along two or three consecutive photoperiods [17].

When soybean is  grown in its  adapted area,  floral  initiation occurs approximately three
weeks after germination. Flowering will  occur three to five weeks later.  Thus, there is a
period of approximately three weeks between both developmental stages [18]. Therefore,
days to first flower can range from 45 to 50 days depending on the prevailing photoperiod/
temperature and genotype. The minimal period for optimal yield is 45 days from emer‐
gence to first flower [19].

Floral induction occurs during the night. It is determined by the duration of darkness and
not the number of light hours.  This has been demonstrated by studies in which flower‐
ing occurred as a result of changes in the night length but not in the day length; and by
other  studies  in  which  interruption  of  night  time  by  light  breaks  altered  the  flowering
response [20]. For example, soybean flowered under either short or long days, as long as
nights were short [21].

Several researches in soybean characterized influences of photoperiod in the sub period be‐
tween emergence and flowering plants [22-25].
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Once soybean ends the juvenile phase and is able to perceive the stimulus, and photoperiod
conditions are inductive, the plant enters the inductive phase and vegetative meristems change
and start producing floral primordials. After the inductive phase is complete and floral orga‐
nogenesis starts, the plant is in the post-inductive phase until flowering occurs [26].

The sub-period between emergence and when soybean responds to the photoperiod stimu‐
lus is termed as the juvenile phase. Recent research showed that soybean has little sensitivi‐
ty to photoperiod during the juvenile phase [27].

The lengths of such sub-periods are determined by the degree of photoperiod sensitivity of
the genotype. Thus, under long days and/or low temperatures, the rate of floral induction
and flower development is minor. Developmental rate is important for yield determination,
because if the plant develops too rapidly towards first flowering and seed initiation, there
will not be enough time to build enough dry matter for optimal yield. Vegetative dry matter
accumulation stops at the start of seed filling [26].

2.2. Phytochrome

Promotion or inhibition of the rate of phenological development in soybean is regulated by
the phytochrome pigment in the plant. This has been amply demonstrated by night-break
studies in which the effect of a long night (or short day) on promotion of flowering is inhib‐
ited when a light flash is given early in the night period [28]. Period from emergence to first
flower is not only controlled by this mechanism, but also by the rate of phenological devel‐
opment for later reproductive periods [14].

Phytochromeis  a  blue  pigment  consisting  of  an  apoprotein,  which  in  turn  is  connected
to  a  tetrapyrrole  fitocromobilina,  which  serves  as  achromophore.  The  chromophore  is
synthesized in the plastid and is the unused portion of the phytochrome protein respon‐
sible  for  light  absorption.  The combination of  the chromophore with the apoprotein oc‐
curs  in the cytoplasm.

The phytochrome is found throughout the plant, but the highest concentration is found in
the apical meristem of the stem. This is a plant pigment associated with membranes. The
phytochrome molecule has two forms, one more stable and inactive and other more unsta‐
ble and active, working to activate or inactivate reactions, respectively.

Both forms can be transformed into one and another. One form of the phytochrome pigment
absorbs far red light (Pfr) at a wavelength of about 730 nm, while the other form of the pig‐
ment (Pr) absorbs light in the red range of about 660 nm (Figure 5).

During the day, plants have both forms, with a predominance of Pfr since normal daylight
typically has a ratio of red/far red light of about 1.20. During the night, the Pfr form sponta‐
neously converts into Pr. This reversal is essential for the measurement of time by plants as
it determines how phenological developmental rate is affected.
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Figure 5. Photoisomerization between C and D rings of the chromophore. The absorption of red for Pr, resulting in
the change of the ring D of the cis form (inactive) to the trans form (active) characteristic of Pfr. The protein bound to
the chromophore is also changed in its shape.

Temperatures during the night affect the rate of this dark reversion of Pfr to Pr [29]. Appli‐
cation of a red flash of light in the night period inhibits the dark reversion of Pfr to Pr and
prevents the effect on the developmental rate induced by normal dark reversion of Pfr to Pr.

Research in the late 1980’s identified genes in the Arabidopsis thaliana plant that are related to
the phytochrome encoding. Five phytochrome genes were isolated from this species: PHYA,
PHYB, PHYC, PHYD and PHYE that encode the PHYA, PHYB, PHYC, PHYD and PHYE
apoproteins. These proteins constitute the chromophore of the phytochrome [30].

In tomato plants (Lycopersicumesculentum Mill.) five genes that encode apoproteins were iden‐
tified: PHYA, PHYB1, PHYB2, PHYE and PHYF [31]. When a phytochrome has the PHYA
apoprotein, it is called type 1 phytochrome. All others are called type 2 phytochromes.

The difference between the two types is that the first one is accumulated mainly in plants
grown in the dark and is easily degraded by light. The mechanisms that contribute to the
abundance of the type 1 phytochrome in the dark is that the PHYA gene is preferentially
transcribed under these conditions and its expression is inhibited by light [32].

Figure 6. A summary of some transformations of phytochrome. Dashed lines indicating dark reversion and destruc‐
tion do not seem to occur with type 2 Pfr molecules [32].

The phytochrome forms Pr and Pfr interconvert as shown in Fig. 5. (type 1 phytochrome).
The second type of phytochrome may be more stable under conditions of darkness [32].The
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mode of action of photoreceptors in the photomorphogenesis process is still unknown [32].
There are two hypothesis:

1. The photoperiodic response is pereceived in the leaf and has a rapid effect on plasma
membrane permeability, which sends the flowering response to the apes of the stem.

2. Reduced effect on gene expression.

2.3. Gibberellin

The conversion of Pfrphytochrome to Pr occurs slowly under absence of light. In this condi‐
tion, the synthesis of the enzyme gibberellin 20 oxidase and 3β-hydroxylase is reduced.
They are responsible for turning gibberellin 12 (20 carbons) to gibberellin 1 (19 carbons). Un‐
der longer periods of darkness, the following occurs: low concentration of the far red phyto‐
chrome; reduced synthesis of gibberellin 20 oxidase and 3β-hydroxylase; higher
concentration of gibberellin 12 and a lower concentration of gibberellin 1. This low concen‐
tration of gibberellin 1 is responsible for flowering in soybean [33]. The authors described
the steps related to Figure 7 as follows:

Figure 7. Pathway responsible for the production of the pea plants in GA1 [33].
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GAs in pea pericarps (ovaries) are synthesized mainly via the early 13-hydroxylation path‐
way. GA12 is a 13-hydroxylated to GA53; Carbon 20 (noted as 20 in the figure) is sequentially
oxidized by a GA 20-oxidase from GA53 to GA44, to GA19, and finally to GA20. GA20 is then
oxidized by a 3β-hydroxylase to GA1 (a growth-active GA). Both GA20 and GA1 can be oxi‐
dized by a 2β-hydroxylase to GA29 and GA8, respectively. The latter conversion inactivates
GA1. In Figure 8, constructed from previous data [34, 35], an increase occurs in the levels of
GA1 gibberellin in spinach plants submitted to long days.

Morphologically, the end of the juvenile period occurs when soybean becomes responsive to
photoperiodically-induced reproductive growth. The internal metabolism which leads to
plant blooming seems to be influenced by several factors such as concentration of carbohy‐
drates and gibberellin. It is difficult to exactly determine what regulates this stage of plant
development [33]. Studies on maize plants indicated that gibberellin-deficient mutants
showed a delayed transition from the juvenile to adult stage. This fact may be associated
with a long juvenile period. The application of endogenous gibberellin regulated time in this
transition phase [36]. Juvenile plants cannot be induced to flower even under appropriate
photoperiod. At this time, the buds of the apical meristem do not respond to the floral stim‐
ulus, or the young leaves cannot produce enough stimulus for the induction of floral buds
[33]. Research has confirmed the second hypothesis.

Figure 8. The fivefolfd increase in GA1 is what causes growth in spinach exposed to an increasing number of long
days but before stem elongation starts at about 14 days. After [34]; redrawn from data in [35].
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Buds of juvenile Bryophyllum species were grafted on to adult plants with flowers and they
produced flowers. The author concluded that the meristems were competent to flower, but
the young leaves produced insufficient amounts of the floral stimulus [37]. In a work with
Perilla, a short-day plant, it was shown that the second node of the young leaves produce
less floral stimulus, and therefore require more inductive photoperiods to induce flowering,
as compared to fully mature leaves [38]. The most recent studies on the flowering control of
the Arabidopsis plant state that the process is regulated by four separate ways:

1. the photoperiodic (long day) pathway, which operates in the leaves;

2. the convergent autonomous (leaf number)/vernalization (low temperature) pathway;

3. the carbohydrate (sucrose) pathway; and

4. the gibberellin pathway.

The latter three pathways all operate in the shoot apical meristem. The four pathways con‐
verge on a number of floral pathway integrators that together regulate floral initiation [33].

Recently, the T locus was identified which contains the FT gene related to flowering. It is
expressed in leaves, encoding products that fit the description of a universal flowering stim‐
ulus. This finding comes against the research carried out for decades which sought that sig‐
nal [39]. More studies are still seeking to define the paths of integration that exist among the
different routes.

Figure 9 provides a complete consideration on this subject. This topic briefly addresses the GA
pathway, when it operates, and what is known about its integration with the other pathways.

The photoperiodic pathway is located in the leaves and involves the production of a trans‐
missible floral stimulus, the FTprotein [33]. The gene flowering locus T (FT) is a major out‐
put of both the photoperiod and the vernalization pathways controlling the floral transition.
FT protein acts at the shoot apex of the plant in concert with a transcription factor, flowering
locus D (FD).

In long-day plants (LDPs) such as Arabidopsis, the FT protein is produced in the phloem in
response to CO (Constans) protein accumulation under long days (LD). It is then translocat‐
ed via sieve tubes to the apical meristem.In short-day plants (SDPs) such as rice, the trans‐
missible floral stimulus, the Hd3a protein (Hd3a – heading date gene), accumulates when the
repressor protein, Hd1(Hd1 – heading date gene), is not produced under short days (SD), and
the Hd3a protein is translocated via the phloem to the apical meristem [33].

A major quantitative trait locus (QTL) controlling response to photoperiod, Hd1, was iden‐
tified  by  means  of  a  map-based  cloning  strategy.  High-resolution  mapping  using  1505
segregants enabled us to define a genomic region of ∼12 kb as a candidate for Hd1. Fur‐
ther analysis revealed that the Hd1 QTL corresponds to a gene that is a homolog of Con‐
stans in Arabidopsis.
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Figure 9. Multiple developmental pathways for floweringinArabidopsis:(a) the photoperiodic (long day) pathway,
which operates in the leaves; (b) the convergent autonomous (leaf number)/vernalization (low temperature) path‐
way; (c) the carbohydrate (sucrose) pathway; and (d) the gibberellin pathway. Fonte: [33].

In Arabidopsis, FT binds to FD, and the FT/FD protein complex activates the AP1 (Apetala1)
and SOC1 genes (suppressor of over expression ofCO1), which trigger the LFY (Leafy) gene
expression. LFY and AP1 then trigger the expression of the floral homeotic genes. The auton‐
omous (leaf number) and vernalization (low temperature) pathways act in the apical meris‐
tem to negatively regulate FLC- flowering locus C, a negative regulator of SOC1. The sucrose
and gibberellin pathways, also located in the meristem, promote SOC1 expression [33].
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2.4. Juvenile Period - Floral Induction in Soybeans

Some plants are indifferent to photoperiod, i.e., flowering and other developmental events
are independent of photoperiod. In Brazil, this phenomenon was observed in the ''Santa Ma‐
ria'' soybean variety and it was concluded that it was indifferent to day length [40].

Studies with soybean defined four stages of development related to flowering [41]:

Phase I - Juvenile - short days do not induce flowering;

Phase II - Inductive – flowering is induced by a minimum number of short days;

Phase III - Regulation - the number of flowers increases with the continuous conditions of
induction and

Phase IV - Post-regulation - there is no effect of day length on flowering.

There is a stage in soybean developmentcalled the juvenile period. Juvenility is the name
given to the initial phase of vegetative growth when soybean is not responsive to short-day-
induced reproductive development. Until that period is completed, the plant is not cannot
start floral initiation, even if it is grown under short days [42]. A determination of the juvenile
period of one genotype can be carried out using the technique described in the literature
[43]. A plant that flowers later, even under conditions of short days, has a long juvenile
period relative to other soybeans. Such genotypes are described as having the long juve‐
nile character [44].

Considering growth and flowering, it can be observed that each cultivar has a typical re‐
sponse in relation to the sowing date [45]. When sowing is early, there is also early flower‐
ing and lower plant heights in the most photoperiod sensitive cultivars. Research has shown
that when the photoperiod is favorable, there is a combination of two or more endogenous
hormones in the plant that produces biochemical changes in the meristematic cells of vege‐
tative nodes. These cells begin to multiply and differentiate into flower buds [46]. After the
juvenile period, a sequence of two short days sensitize the soybean leaves through phyto‐
chrome [46]. During the day, plants have both forms of phytochrome, with a predominance
of Pfr. During the night, the Pfr form converts spontaneously to Pr. This reversal is essential
for the measurement of time by plants and for the way they respond to photoperiod.

When cultivars having similar maturity are sown at the same time, they may bloom at differ‐
ent times. Thisis attributed to different juvenile periods [47]. During this period, some meta‐
bolic pathways, which are necessary for flowering initiation, are not triggered.The beginning
of the studies concentrated on the phenotypic aspects of flowering, relating the effects and not
the causes ofthe observed morphological changes. More complex research opened new per‐
spectives to understand such process. There are two hypothesis for the fact that during the
juvenile period, plants are not induced to flower even under inductive photoperiod:

1. The buds of the apical meristem are not competent to flowering.

2. The young leaves are still unable to produce enough stimulus for the induction of floral
buds [33].
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Phenotypic observations reported in many articles have characterizedplant response to pho‐
toperiod. Cultivar ''Doko'' was observed to have a long juvenile period [48], based on a long
time to flower under short and long daylengths. Late flowering from several sowings was
related to the possible existence of a long juvenile period [49]. The “Doko” cultivar was ob‐
tained from a program of selections which were sowedin summer and winter and has long
juvenile period [50].

2.5. Genetic Inheritance of Flowering

Genes affecting flowering response, have been studied in Pisumsativum and Arabidopsis thali‐
ana [51, 52]. The results show that mutations in these species can change various aspects of
the photoperiodic control of flowering. Some of these mutations can eliminate the photo‐
periodic responses, which are responsible for flowering induction. Others may simply slow
down or speed up responses to photoperiod [33]. Much of the regulatory systems of flower‐
ing are under either positive or negative control and the presence of mutant plants with
changes in photoperiodic responses is very common.

Most mutations result in the loss or alteration of the gene activity. After the mutation, the genes
that promoteflowering are changed. Mutations that eliminate plant response to photoperiod
can block the production of floral stimulus or may interfere with the ability of the meristem
to receive the message [33]. Grafting studies have identified genes in Pisumsativum that pro‐
mote or inhibit flowering and control the sensitivity of the apical meristem signals [52]. Most
cultivars of soybean, respond to photoperiod as follows: when the number of daylight hours
is below the critical photoperiod, there is flowering induction. Only few cultivars have the
long juvenile character in which the effect of genes to promote flowering is reduced.

Early studies showed that a long juvenile character in soybean is genetically controlled and
can be transferred in a breeding program [53]. Under short days, the authors identified re‐
cessive genes that control the trait. The literature on the subject shows that the long juvenile
character is conditioned by recessive genes which can be pleiotropically influenced by other
genes in the plant [42, 54-59]. Research conducted under “long-day conditions” indicates
that the dominant alleles are responsible for the late cycle: E1/e1 and E2/e2 described by [60],
E3/e3 reported by [61], E4/e4 described by [62] and E5/e5 by [63]. In the "short-day condi‐
tions", the opposite occurs [53-55]. Under these conditions, the gene J1/j1 was described [64].
Other studies were conducted to determine the type of inheritance. Research was performed
under "conditions of short days" with the genotypes “Hill”, “Bragg”, “UFV-1”, “IAC
73-2736” and “PI 159925” [65]. It was observed that the"long juvenile” characteris controlled
by one, two or more recessive genes [3]. These and other studies were fundamental to our
understanding of theflowering process of soybean plants grown in locations with different
latitudes such as occurs in Brazil.

2.6. Long Juvenile Period in Soybean - Practical Application

The possibility of using plants exhibiting the long juvenile character was the solution found
by some soybean breeders to delay flowering in short day conditions [42, 54, 58, 66]. Re‐
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search on the adaptation of soybeans to the tropics began at the Agronomic Institute (IAC)
and the National Center for Soybean Research, in the 1970s. There were crosses among
American cultivars which had the long juvenile character. Several genotypes with this trait
were identified and used in breeding programs: "Santa Maria", "PI 159925" and "PI 240664"
[67]. Identification of the character was done through research by EMBRAPA where long ju‐
venile genotypes were planted from September 20 to October 10. By this method, genotypes
were identified that had a sufficient delay in days to first flower to optimize dry matter ac‐
cumulation and yield [66, 68]. The first cultivars developed and recommended for these
areas were “Tropical”, “Timbira”, “BR-10 (Teresina)” and “BR-11 (Carajás)” [68]. Later the
following cultivars were released: “BR-27 (Seridó)”, “BR-28 (Cariri)”, “Embrapa 9 (Bays)”,
“Embrapa 30 (CVRD)”, “Embrapa 31 (Mina)”, “Embrapa 32 (Itaqui)”, “Embrapa 33 (Cariri
RC)”, “Embrapa 34 (Teresina RC)”, “Embrapa 63 (Mirador)”, “MA/BRS-64 (Parnaíba)”,
“MA/BRS-65 (Sambaíba)”, “MA/BRS-163 (Pati)” and “MA/BRS-164 (Seridó RCH)”

The most commonly used cultivars as sources of the long juvenile character are: “Doko”,
“Doko RC”, “Garimpo RCH”, “BR/IAC-21”, “UFV-16”, “UFV-17”, “UFV-18”, “CAC-1”, “CS
301”, “MG/BR-46”, “MT/BR-45”, “BR-9”, “FT-Cristalina”, “Cristalina FT-RCH”, “Tropical”,
“BR-10”, “BR-11” and “Embrapa-33”. They allow for a wider sowing time, planting during
the offseason, and planting at low latitudes (short-day conditions) [3]. Currently the soybean
crop in Brazil has been attacked by the Asian soybean rust, which leads the country to adopt
a control measure called fallowing. In such areas, soybean cannot be planted during the off
season. The adopted measure is a protection against the Asian soybean rust which has led
the country to adopt a control measure called fallowing. In order to stop the rust, produc‐
tion areas are left vacant for part of the year. Asian soybean rust is a disease caused by Pha‐
kopsorapachyrhizi Sydow which caused a loss of two billion dollars to the Brazilian soybean
crop in the 2005/2006 harvest.

3. Conclusions and Prospects of Soybean in Brazil

The achievement of Brazilian research in the development of soybean cultivars adapted to
low latitudes has allowed expansion into the central and northern areas of the country. Until
1970, commercial cultivation of soybeans in the world was restricted to regions of temperate
and subtropical latitudes which were near or higher than 30º Lat.Brazilian researchers were
able to break this barrier by developing cultivars adapted to the short days of the tropics,
enabling soybean cultivation anywhere in the country. In the Cerradoregion, more than 200
million hectares were converted into cultivated areas of soybeans and other grains [1].

Currently, states with the highest soybean production are: “Mato Grosso”, “Paraná”, “Rio
Grande doSul” and “Goiás”. They produce 82% of Brazil’s soybeans. Soybean production is
also progressing into new areas in “Maranhão”, “Tocantins”, “Piauí” and “Bahia”, which ac‐
count for 13.0% of Brazilian production.

The projections of the Ministry of Agriculture, Livestock and Supply (MAPA) show that
Brazil is a major supplier of food. The region of Matopiba (Figure 10), an area including the
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states of “Maranhão”, “Tocantins””, Piauí” and “Bahia”, has potential for growth of grain
production and will stand out in the Brazilian agricultural landscape for years to come. The
trend shown in the study (Brazil - Projections of Agribusiness 2010/2011 to 2020/2021), re‐
leased by the MAPA [69].

Increased soybean production area can occur through a combination of expansion into new
areas or replacement of other crops. The production of sugar cane and soybeans are two ac‐
tivities that compete for land in Brazil. The two together will create an increase of 7.4 million
hectares, 5.3 million hectares for soybeans and 2.1 hectares for sugarcane. The soybean
plants that have the long juvenile characteristic can also be used in crop rotations, particu‐
larly in areas of ''Sao Paulo'' state that have previously been grown to sugar cane. Cultivars
have been developed which are adapted to 1.2 to 1.4 million hectares of this area [70].

Most expansion should occur in areas of high yield potential, such as included in the region
that is now called “Matopiba”. “Mato Grosso” is not expected to have a large increase in
arable land, mainly because land prices in the state are more than double that for land in the
“Matopiba” region. Since agricultural expansion into these new areas includes large tracts of
farm land, land price is a deciding factor.

               ProductionConsumption                                                               Exportation

YearProjection      *L. Lim. **U. Lim.      Projection *L. Lim.        **U. Lim.              Projection *L. Lim.           **U. Lim.

2012/1372,  764.7 61,176.9 84,352.4 39,349.0 33,725.9 44,972.2 32,985.5 26,829.9 39,141.1

2013/14 74,  531.2 61,196.3 87,866.0 40,140.8 33,748.6 46,533.1 33,573.3 25,990.3 41,156.3

2014/1576,  241.0 61,344.5 91,137.4 40,921.0 33,839.2 48,002.7 34,262.6 24,693.8 43,831.4

2015/1677,  958.6 61,650.0 94,267.2 41,703.6 33,994.5 49,412.7 35,705.5 24,497.3 46,913.7

2016/1779,  672.0 62,062.8 97,281.3 42,485.8 34,196.5 50,775.0 36,972.7 24,235.3 49,710.1

2017/18 81,  385.8 62,565.6 100,206.0 43,268.0 34,436.6 52,099.4 37,671.2 23,258.6 52,083.8

2018/19 83,  099.3 63,141.3 103,057.2 44,050.2 34,708.1 53,392.3 38,595.2 22,438.5 54,751.9

2019/2084,  812.7 63,778.5 105,847.0 44,832.4 35,006.1 54,658.7 39,774.6 22,022.7 57,526.5

2020/21 86,  526.2 64,468.1 108,584.2 45,614.6 35,326.9 55,902.3 40,744.4 21,430.0 60,058.8

Table 3. Projections for the production, consumption and trade of soybean (thousand tons).Adapted from [7]. *Lower
Limit **Upper Limit

The estimates for soybean indicate a future Brazilian production of 86.5 million metric tons
in 2020/2021 (Table 3) . The annual growth rate is expected to be 2.3% from 2010/11 to
2020/2021. This rate is close to the global rate for the next ten years [7]. The domestic con‐
sumption of soybeans is expected to reach 45.6 million metric tons at the end of the
2020/2021 season, representing 52.7% of the production. The projection is for an annual rate
of increase of 1.9%. As it is known, soybean is an essential component in the manufacture of
animal feed and is a gaining importance as human food [7]. The projected expansion for the‐
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area with soybeans in Brazil should exceed 30.0 million hectares in by 2020/2021. This is an
increase of more than 5.3 million hectares from the current level. The expansion of soybean
production in the country comes from a combination of expanding areas andincreased yield.
Production is forecast to increase at a rate of 2.0% per year with area of production expand‐
ing at the annual rate of 1.9% [7]

Soybean meal and oil will have a moderate increase in future years. Bran exports shall grow
at 1.1% per year and the soybean oil exports at 0.5% per year. Domestic consumption for
both is expected to grow at high rates. The consumption of soybean oil is expected to grow
at an annual rate of 2.2% between 2010/11 and 2020/2021, while the soybean meal consump‐
tion is expected to grow at 2.5% per year.

Figure 10. Matopiba.The new agricultural frontier in Brazil.Fonte: [69].

These data reflect the dynamism of the internal market for these products, given the human
and animal consumption.The relationship between consumption and production of soybean
oil in future years is around 78%. Most of the oil is for human consumption and the other
part has been used for the production of biodiesel. About 22% of the production will be ex‐
ported. For soybean meal, between 47.0 and 49.0% should be directed to domestic consump‐
tion, and about 50% exported. Thisbrief account of the soybean in Brazil demonstrates the
importance of this crop to the national economy. The expansion of the area for production of
soybean was due largely to basic and applied research involving genetic and physiological
mechanisms affectingthe timing of flowering and other developmental events. Thus, much
of soybean’s expansion has been due to the quality of Brazil’s national agricultural research.
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1. Introduction

Soybean (Glycine max L.) is a leguminous species, native to Northeast Asia, and is one of the
most important sources of oil and protein for livestock and the human diet. The crop is also
being used to make diesel biofuel from the oil extracted from the seed. Today, the world’s top
producers of soybean are the United States (90 million ton), Brazil (68 million tons), Argentina
(52 million tons), China (15 million tons) and India. These countries’ production represents
more than 90% of global soybean production. In the 2009/2010 harvest the world produced
261.57 million tons of soybean grain on 102.38 million hectares define this by [1]. Also,
according to [1], over a period of 50 years, soybean production area increased 330%, rising
from 23.81 million in 1961 to the current production area.

Currently with a world population of 7.0 billion people, which is projected to increase to more
than 9.0 billion by 2050 and 10 billion by 2100 [2], there is a concern to maintain food. To achieve
a gradual increase in world production of soybeans, two alternatives are possible: increased
production area and/or increased productivity. Because planted area has increased 37%
between 2000 to 2011 [1] and productivity has increased only 17.8%, the second solution looks
to be the better option

Among all the factors inherent in agricultural production, the climate are the most difficult to
control and it exercises greater limiting action in the maximum yield. It worsens according to
the difficult to predict occurrences of adverse weather, the main risk factors in the exploration
of major crops. Stress non biotic such as drought, excessive rain, extreme temperatures and
low light can significantly reduce yields of crops and restrict the locations, times and soils,
where the species most important commercially, can or not be cultivated.

© 2013 Avila et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Avila et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Agrometeorological conditioners of soybean productivity

2.1. Solar radiation

In general, soybean production potential and risk is controlled by prevailing climatic condi‐
tions and genotypic performance. The basic source for crop production is solar radiation which
acts as an energy source for photosynthesis. Light quality also acts to influence plant height
and phenological development [3].

The light spectrum duration and quality besides the radiation intensity are determinants of
morphological and phenotypic responses striking in soybean, such as plant height, induction
of flowering and ontogeny [4]. The final yield of dry matter from the plant depends on the
solar radiation absorbed by the leaves and the efficiency with which these convert radiant
energy into chemical energy through photosynthesis.

Soybean is a qualitative short-day plant and must receive a certain day length or less so that
developmental timing is optimal for the location [5]. This means that adaptability of each
cultivar varies with latitude [6]. Movement of soybean to the central and northern regions of
the country from the original southern region has faced the challenge of adaptation to shorter
day lengths occurring in these regions (from Tropic of Capricorn to Equator Line). To deal
with this challenge Brazilian agricultural scientists have sought to introduce the ‘long juvenile
period’. This characteristic gives soybean a longer developmental period under short days so
that it can accrue enough dry matter for optimal yield [7].

Each variety has its critical photoperiod above which flowering is delayed. Flowering occurs
anyway, but more rapidly as the days become shorter. It slows progressively, as the photo‐
period exceeds the critical period for each genotype.

2.2. Temperature

In addition to photoperiod,  temperature also influences growth and developmental  tim‐
ing in soybean. This occurs due to the effect of temperature on the rate of metabolic re‐
actions,  the  diffusion  rate  of  gases  through  aqueous  media  and  the  solubility  of
nutrients  in  the  plant.  Soybean  grows  best  at  temperatures  between  20oC  and  30oC.
Greatest  number of  pods per  plant  is  obtained under mild temperature conditions hav‐
ing  a  day/night  temperature  combination of  26/14oC [8].  Temperatures  above 40oC dur‐
ing  the  vegetative  stage  (emergence  to  first  flower)  reduce  growth  and  hastens
flowering.  High  temperatures  during  the  reproductive  phase  can  cause  reductions  in
seed  number  and seed  weight,  thus  reducing  grain  quality  and yield.  If  the  high  tem‐
perature  is  associated  with  a  drought,  the  losses  on  grain  production  are  even  higher
[7].  On the other hand, cold regions where the temperature is  equal or below to 10C is
not  properly to  soybean cultivation,  because in  these  places,  the  vegetative  growth and
the development become small or null.
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2.3. Water availability

Ninety % of the total soybean fresh weight (biomass) is water and water acts in all physiological
and biochemical processes in the plant, working as a solvent, carrying gases, minerals and
other plant solutes and acting as a thermal regulator to cool and maintain plant temperature
[9].Water availability is important in three periods of soybean development: germination,
emergence and flowering-grain filling. During the first period, both: excess or lack of water is
detrimental to crop establishment and obtaining a good uniformity of the plant population
and the surplus water more limiting than the deficit. Soybean seeds need to absorb at least
50% of its weight in water to ensure a good germination. At this stage, the water content in
soil must not exceed 85% of the total maximum available, or must not be less than 50% [10].
The roots can reach over 1.5 m deep, however heavy and compacted soils hinder root pene‐
tration, further reducing the effective depth of the root system of soybean plants.

Another serious risk in Brazilian soybean production is drought stress. The problem is more
pronounced in tropical and subtropical, semiarid and arid climates where up to 8mm/day may
be lost by evapotranspiration.

The necessity of water needs by soybean gradually increase with plant development, peaking
at 7 to 8mm/day during flowering through grain filling [11]. The negative effect of water
deficiency on yield depends on the phenological stage in which soybean is affected by drought
stress. For example, if drought occurs during the germination and emergence stages, plant
stand is reduced. In the flowering period it can cause flower abortion and prevents anthesis
while in the grain filling stage drought affects seed weight [12]. The lack of water induces these
effects through reducing the efficiency of the photosynthesis [13].

An abundance of water is also harmful to yield by causing water logging of the soil. A very
wet soil results in low aeration which reduces root growth, can cause nutritional deficiency
and promotes the attack of root diseases.

3. General issues

The climate exerts the greatest limiting effect on yield. Thus, proper management of the
soybean crop depends on climate information at the site of interest. Agroclimatic zoning is
used to provide climate data to the agricultural community [14].

Cardoso et al. [15] verified that in general the precipitation climate forecasts contribution to
the improvement of estimated soybean productivity, primarily in periods when the crop is
more sensitive to water deficit. The improvement of estimated soybean productivity may give
a contribution to agribusiness sector, in order to turn more realistic expectations available and
assist on the strategic planning for the decisions maker.

Knowledge of favorable periods for soybean culture, such as timing of the rainy season and
duration of intermittent dry wet spells is very important for planning various agronomic
operations such as preparing a seedbed, proper maturity, sowing, weeding, harvesting,
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threshing and drying. This minimizes crop risk and optimizes use of resources such as water,
labor, fertilizer, herbicides and insecticides. Knowledge of the critical periods for crop
development in conjunction with knowledge of climatic factors is very helpful for adjusting
management practices for best crop yield and quality.

As already highlighted climate stresses such as drought, excessive rain, extreme temperatures
and low irradiance can significantly reduce yields of crops and restrict areas and timings of
production. The most important factors useful to know for soybean production are air
temperature, photoperiod and water supply [10].

In Brazil, a system has been developed for identification of suitable areas for planting soybean.
The Agricultural Zoning Program has been coordinated by the Ministry of Agriculture and
EMBRAPA since 1996. This program has the objective of defining planting seasons guarantee
at least an 80% probability of having an adequate water supply for the growing season. The
planting periods were defined through the simulation of a climatic water balance that gives
an index of water supply called by the Portuguese initials as ISNA (Water Necessity Satisfac‐
tion Index) using historical rainfall data, potential evapotranspiration, physiological charac‐
teristics of each crop and water retention by the soil [16].

4. Climate change: A challenging

Since 1988, agricultural scientists have been studying climate change mainly according to the
rules of IPCC (Intergovernmental Panel on Climate Change). In recent years global studies
have shown consistent changes in air temperature and rainfall in many places of the world [17,
18]. The Earth's average temperature can rise between 1.8ºC and 4.0ºC in the next 100 years [19]
with more significant increases for minimum than maximum air temperature. However, in the
case of South America temperature trends may not be consistent [20]. Contemporary scientific
studies have warned of anomalies in temperature and precipitation patterns indicating the
occurrence of global change, with direct consequences on human activities, especially those
related to agricultural production [18].

Globally, agriculture accounts for 23% of all emissions of greenhouse gases (GHG) that come
from human activity. Parts of these (15%) are derived from agricultural practices and the other
part (8%) is from changes in land use [21]. However, in Brazil a greater proportion of agricul‐
ture’s contribution to GHG comes from agricultural practices [22]. Soil is also an important
source of carbon emission and sequestration [23]. Soil management practices affect to what
degree these processes go on. Conventional tillage operations tend to increase carbon release
to the atmosphere, whereas conservation tillage and crop rotation with their increased
contribution of crop organic matter to the soil tend to increase carbon sequestration [24]. These
practices also improve the physical, chemical, and biological balances in the soil. Current
agriculture through its production of fiber, bioenergy and food reduces pollution and mitigates
GHG emissions [25].
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(CT). [26] found that the biggest difference in results between NT and CT systems occurs in
the first 30 cm of the soil profile with a 29% increase in total C content of soil in NT vs. CT.
Still, disputing claims of U.S. researchers [27], the survey confirmed significant increases in
carbon sequestration in the 0-60cm soil layer. They determined that in NT vs. CT there was
18% and 16% increase in the C and N contents, respectively, of the soil organic matter. Within
the same 0-60 cm profile, C and N content of the microbial mass increased 35% and 23%,
respectively. Over the 20 years of the research, C and N rates of accumulation within the 0-60cm
layer of soil were 800 kg C ha-1 year-1 and 70 kg N ha-1 year-1, respectively, in NT vs. CT.
According to the Agricultural Census [28], in 2006 the total no-tillage area for crops in Brazil
was 15.6 million hectares.

Because of the rising temperatures associated with global warming, the adaptability of certain
crops to an area may change. In particular, drought problems may become worse and yield
potential reduced. Because of this, agricultural scientists have been developing strategies to
avoid potential adverse climatic changes, especially those related to drought stress.

Problems with drought and temperature stress have to be resolved with research for adapta‐
tion like developing new soybean genotypes and cultivars with heat and water loss tolerance.

In Brazil, the southeast region, which accounts for 40% of soybean production, has suffered
severe losses due to the occurrence of droughts. Growing seasons in the years 2003 and 2004
for example, showed yield losses due to drought close to 24% and 44%, respectively. In 2004/05
growing season, Rio Grande do Sul state alone, lost an average 70% of its production. In the
last 10 seasons, the direct losses can be estimated by more than $18 billion due to the occurrence
of drought [29].

The search for commercial cultivars more drought tolerant through classical breeding are
relatively difficult because of the complex mechanisms developed by plants to ameliorate this
stress. Biotechnology is also an important ally in the breeding for drought tolerant cultivars.
With the sequencing of the soybean genome it becomes possible to understand the function of
a specific gene and how it interacts with other genes. This allows for breeding new cultivars
with greater resistance to environmental stresses.

5. Final considerations

Currently inside the world agriculture, the increases of yields and the reduces of the costs and
risks from failure, have become the basic requirements of competitive. Besides, in terms of
economic activity with narrow profit margins, there is no room for risk.

Immense progress has been achieved, adapting the soybeans to obtain high levels of incomes
in areas of lower latitudes. The photoperiod limitation was eliminated by the careful selection
and also the development of the germoplasma less sensitive to photoperiod. The yields are
extremely dependent of the water available and probably are also necessary to increase it to
meet the crop transpiration and the productivity enhancement.
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Environmental forecasts signaling the increase of the temperatures in the upcoming decades
which mean the climate change. The difficulty to feed the world population, (which is in
growing fast) using only traditional technologies will be immense shortly. The development
of variety tolerant to adverse climatic conditions such as drought and high temperatures, it
will be essential, as well as the development of new research tools in the areas of plant
biotechnology and ecophysiology. It will enable us to understand the details of the processes
involved in physiological and agronomic crops. Only with the development and continued
growing in agricultural research, you can ensure food quality and quantity for future gener‐
ations.
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1. Introduction

Brazil has become the second largest soybean producer after the USA. Projections to the
year 2020 indicate the country’s soybean production will increase to 105 million tons, largely
due to Brazil’s large expanse of potential arable land. This expansion of soybean production
will occur mainly in the North and Northeast parts of the country that includes the states of
Maranhão, Piauí, Tocantins and Bahia, a region collectively referred to as the MAPITOBA.
Within this region, the Cerrados, an area of stable climate, consistent rainfall, and flat topog‐
raphy, is especially suited for soybean production [17].

Soybean was introduced into Brazil in the late nineteenth century. However,widespreadpro‐
duction did not occur until about 60 years ago in the southern part of the country. Cultiva‐
tion then spread from the southern to the middle and northern sections of the country. In
recent years, production has spread into the Cerrado Region, an area in the middle and
northern parts of Brazil’s interior containing 204 million hectares of land. The northern
states of Piaui and Maranhao contain about 21 million hectares of land [6]. The savannas of
this region are characterized by having acid soils of low fertility, high average temperatures
(25-26 ° C) and average rainfall of 1,200 mm from October to April. However, they are sub‐
ject to occurrences of dry spells [18].

The expansion of soybean into the low latitudes of northeast Brazil has been facilitated by
cultivar development for adaptation to the soils and climate of this region. This process has
allowed for a large expansion of soybean production into the Cerrado region of Brazil [1].

Cultivar Tropical was first released in 1980 for production in the low latitude regions of Bra‐
zil. This created a continual demand for more adapted cultivars [4]. Other cultivars released
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for northeastern Brazil between 1982 and 1998 are: Timbira; BR 10 (Teresina) and BR 11
(Carajás); BR-27 (Cariri) and BR-28 (Seridó); BR- 32 (Nova Tropical); BR/ EMGOPA 312 (Po‐
tiguar) and BR 35 (Rio Balsas); Embrapa 9 (Bays); Embrapa 30 (Vale do Rio Doce), Embrapa
31 (Mina), Embrapa 33 (Cariri RC) and the Embrapa 34 (Teresina RC); Embrapa 63 (Mira‐
dor); MA/BR 64 (Parnaíba) and MA/BR 65 (Sambaíba) and MA/BRS-164 (Patí) and MA/
BRS-165 (Seridó RCH).

Characteristics that have been selected for production in low latitude areas are: suitable ma‐
turity, adequate plant height, height to first pod of more than 12 cm ,a non-woody stem,
erect plant stature, lodging resistance, pest resistance, good seed quality and high oil content
and protein content, high yield, yield stability (robustness), uniform ripening, indehiscent
pods, high capacity for N2 fixation, tolerance to aluminum and manganese toxicity, a long
juvenile phase and photoperiod insensitivity. Across planting dates and environments, the
growing season can vary from 75 to 200 days. Thus a wide range of cultivars have had to be
developed for adaptation to many environmental conditions [22, 43]. The average height of
the plant can range from 20 to 150 cm or more, according to the cultivar and environment,
and the height to first pod may be characteristic of the cultivar. Environmental factors or
cultural practices may also affect height to first pod [35], which prevents mechanical har‐
vesting and can cause harvest loss.

2. Production of soybeans in Northeast Brazil

The Northeast region of Brazil is situated between latitudes 1°20'00'' and 19º00'00'' S. Maturi‐
ty groups adapted to this region range from maturity group 7 to 9.Examples of cultivars de‐
veloped for this region are BRS 326 (maturity group 8.7) and BRSMA Seridó RCH (9.7). Both
cultivars have the long-juvenile trait which reduces the photoperiod sensitivity to the short
days of this region; thus allowing soybean to have an adequate developmental period for
optimal yield. Much of the success of soybean expansion into Northeast Brazil is due to the
development of cultivars having the long-juvenile trait [3]. Development of these cultivars
was done through breeding programs using the following cultivars and genotypes: PI
240664, PI 159925, Santa Maria, PR Paranagoiana 77-10001 [24, 20]. Experimental studies in
the past century, especially in the United States, led to the classification of soybeans into ma‐
turity groups based on their photoperiod response. The maturity groups were: classify
groups of soybean according to the response to photoperiod, a total of 13 classes of matura‐
tion, which are 000, 00, 0, I, II, III, IV, V, VI, VII, VIII, IX and X [27, 35].

Besides the issue of photoperiodism, soybean expansion into Northeast Brazil is also limited
by drought, waterlogging, the harsh environment of the Amazon region, infrastructure,
marketing, and the availability of manual labor [11]. Cultivar development was initiated in
Piaui state in 1972 and resulted in the release of cultivar Tropical in 1980.This was followed
by the development and release of more cultivars for production in Northeast Brazil [3]. Ex‐
amples are the cultivars DM-Soberana and DM-Nobre released in the central region of Bra‐
zil in the states of Bahia and Maranhão. These cultivars were well adapted to the tropical
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31 (Mina), Embrapa 33 (Cariri RC) and the Embrapa 34 (Teresina RC); Embrapa 63 (Mira‐
dor); MA/BR 64 (Parnaíba) and MA/BR 65 (Sambaíba) and MA/BRS-164 (Patí) and MA/
BRS-165 (Seridó RCH).
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erect plant stature, lodging resistance, pest resistance, good seed quality and high oil content
and protein content, high yield, yield stability (robustness), uniform ripening, indehiscent
pods, high capacity for N2 fixation, tolerance to aluminum and manganese toxicity, a long
juvenile phase and photoperiod insensitivity. Across planting dates and environments, the
growing season can vary from 75 to 200 days. Thus a wide range of cultivars have had to be
developed for adaptation to many environmental conditions [22, 43]. The average height of
the plant can range from 20 to 150 cm or more, according to the cultivar and environment,
and the height to first pod may be characteristic of the cultivar. Environmental factors or
cultural practices may also affect height to first pod [35], which prevents mechanical har‐
vesting and can cause harvest loss.

2. Production of soybeans in Northeast Brazil

The Northeast region of Brazil is situated between latitudes 1°20'00'' and 19º00'00'' S. Maturi‐
ty groups adapted to this region range from maturity group 7 to 9.Examples of cultivars de‐
veloped for this region are BRS 326 (maturity group 8.7) and BRSMA Seridó RCH (9.7). Both
cultivars have the long-juvenile trait which reduces the photoperiod sensitivity to the short
days of this region; thus allowing soybean to have an adequate developmental period for
optimal yield. Much of the success of soybean expansion into Northeast Brazil is due to the
development of cultivars having the long-juvenile trait [3]. Development of these cultivars
was done through breeding programs using the following cultivars and genotypes: PI
240664, PI 159925, Santa Maria, PR Paranagoiana 77-10001 [24, 20]. Experimental studies in
the past century, especially in the United States, led to the classification of soybeans into ma‐
turity groups based on their photoperiod response. The maturity groups were: classify
groups of soybean according to the response to photoperiod, a total of 13 classes of matura‐
tion, which are 000, 00, 0, I, II, III, IV, V, VI, VII, VIII, IX and X [27, 35].

Besides the issue of photoperiodism, soybean expansion into Northeast Brazil is also limited
by drought, waterlogging, the harsh environment of the Amazon region, infrastructure,
marketing, and the availability of manual labor [11]. Cultivar development was initiated in
Piaui state in 1972 and resulted in the release of cultivar Tropical in 1980.This was followed
by the development and release of more cultivars for production in Northeast Brazil [3]. Ex‐
amples are the cultivars DM-Soberana and DM-Nobre released in the central region of Bra‐
zil in the states of Bahia and Maranhão. These cultivars were well adapted to the tropical
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conditions of this region, demonstrated greater yield than check cultivars, had good yield
stability across environments, proper maturity for the growing season, and were adapted
for mechanical harvest [39]. In the states of Maranhão, Piauí and Tocantins, a new cultivar,
BRSMA-Babacu, was developed for commercial production. Across seven environments in
the late 1990’s, it demonstrated an average yield of 2,952 kg/ha which was 4% higher than
the local cultivar Doko Millionario. It is a late-maturing cultivarwith a maturity of 130 days
from emergence to maturity, a plant height of 99 cm, moderately resistant to lodging, purple
flower color, brown pod and pod pubescence, yellow seed coat, brown hilum, good resist‐
ance theto pod dehiscence, average seed quality and average seed weight of 15.8 g/100 seeds
[23]. In these states, the time of planting depends on the rainy season, which occurs in
summer (Table 1).

STATE REGION PLANTING PERIOD

Maranhão south (Balsas – Tasso Fragoso city) Novemberto 15 december

Maranhão northeast (Chapadinha city) January

Piauí south-west (Uruçuí – Bom Jesus city) November to 15 december

Source: [29].

Table 1. Sowing dates for soybean state and the northeast.

Cultivars Testes

NDF
(day)

NDFT
(day)

PR
(day)

ALTM
(cm)

NNP

AVRDC 7 34 c 45 c 43 c 25,0 c 8 c

AVRDC 8 36 c 48 c 42 c 24,4 c 9 c

BRS 155 33 c 44 c 44 c 20,3 c 9 c

JLM 003 41 b 54 b 64 b 41,0 b 10 b

JLM 004 43 b 55 b 61 b 39,4 b 11 ab

Pirarara 57 a 75 a 60 a 62,9 a 12 a

Mean 41 54 52 36 10

Source: [40]
In each column, the same letter not differ at 5% probability by Tukey test.

Table 2. Number of days to flowering (NDF), number of days to fruit set (NDFT), reproductive period (RP), plant height
at maturity (ALTM), number of nodes / plant (NPP) Observed in different cultivars of soybean-green. Sand-PB, UFPB,
2004.

Research conducted in the Brazilian states located in Northeast Brazil have shown promis‐
ing results regarding the adaptation of cultivars to cultivation. Research conducted at the
Federal University of Paraiba, Center for Agrarian Sciences, resulted in the development of
cultivar Pirarara. This cultivar was adapted to the Entisol soils of the region, as well as the
sort days, warm and humid climate, rainfall, and acid soils. It had a plant height of about 63
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cm and developed about 12 main stem nodes. Days from emergence to maturity was about
75. Data for the cultivar is shown in Table 2 [40]. Further research with this cultivar demon‐
strated that when intercropped with corn, it had a vegetative period (days from planting to
first flower) of about 55 days. This was a sufficient period to allow for enough dry matter
accumulation to optimize yield. Other developed cultivars had shorter vegetative periods,
such as Pati (50 days) and JLM 004 (39 days).The significant factor is to allow enough time
for node production, since nodes are plant structures from which pods, seeds, and yield are
made. This has been demonstrated in research conducted by [19] in which yield was shown
to be related to the number of nodes formed. Cultivar Black Alliance had the most at 33,
while Kanro had the fewest at 8.

Cultivars Mean (kg ha-1) li ij R2

BRS TRACAJÁ 1882,87 0,52** 792,69** 99,25

BR JUÇARA 1555,41 1,84** 145934,72** 90,12

BRS MA 165 SERIDÓ 1511,10 1,04ns 21982,14** 95,07

BRR 219 BOA VISTA 1585,36 1,14ns 30844,36** 94,35

BRS SAMBAÍBA 1893,58 0,94ns 145903,06** 70,40

BRS CANDEIA 1552,88 0,91ns 10589,73** 75,27

MA BR 971665 1725,72 0,61** 14432,72** 91,06

CV (%) 22,52

General mean (kg ha-1) 1672,42

Source: [10]
ns not significant; * Significant at 5% probability level; ** Significant to 1% probability by the F test

Table 3. Average linear regression coefficient ( li), misuse of linear regression ( ij) and coefficient of determination (R2)
According to the methodology of Eberhart and Russell (1996) for grain production of soybean genotypes in Ceará.

Although production of soybean is still restricted in some areas for the northeastern states of
Bahia, Maranhão and Piauí, it has shown potential for expansion for other states in the re‐
gion such as Ceará. Near the city of Pentecost (3o 47’ S Latitude), cultivar trials during 2005
and 2005 have identified genotypes BRS TRACAJÁ, and BRS Sambaíba MA BR 97 1665as
having potential to be grown in Ceará (Table 3). Certain soybean cultivars, when intercrop‐
ped with corn, were capable of producing large biomass relative to other cultivars [42].

Preliminary testing of three soybean cultivars is being conducted by [9] in the coastal plains
in the state of Alagoas, near the city of Rio Largo, at a latitude of 9°29'45''. Cultivars used in
the study were MG / BR - 46 (Conquista), and BRS Tracajá MA/BRS-165 (Seridó RCH). Agro‐
nomic data for plant height is shown in Table 4 and data for yield and seed weight is in
Table 5.Although plant height was somewhat lower than that which is usually required for
mechanical harvesting, [9] demonstrated that yield production was good for all cultivars
ranging from 2,620 to 3,600 kg ha-1 (Table 5), being equal to or superior to the traditional re‐
gions of production soybean.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

380



cm and developed about 12 main stem nodes. Days from emergence to maturity was about
75. Data for the cultivar is shown in Table 2 [40]. Further research with this cultivar demon‐
strated that when intercropped with corn, it had a vegetative period (days from planting to
first flower) of about 55 days. This was a sufficient period to allow for enough dry matter
accumulation to optimize yield. Other developed cultivars had shorter vegetative periods,
such as Pati (50 days) and JLM 004 (39 days).The significant factor is to allow enough time
for node production, since nodes are plant structures from which pods, seeds, and yield are
made. This has been demonstrated in research conducted by [19] in which yield was shown
to be related to the number of nodes formed. Cultivar Black Alliance had the most at 33,
while Kanro had the fewest at 8.

Cultivars Mean (kg ha-1) li ij R2

BRS TRACAJÁ 1882,87 0,52** 792,69** 99,25

BR JUÇARA 1555,41 1,84** 145934,72** 90,12

BRS MA 165 SERIDÓ 1511,10 1,04ns 21982,14** 95,07

BRR 219 BOA VISTA 1585,36 1,14ns 30844,36** 94,35

BRS SAMBAÍBA 1893,58 0,94ns 145903,06** 70,40

BRS CANDEIA 1552,88 0,91ns 10589,73** 75,27

MA BR 971665 1725,72 0,61** 14432,72** 91,06

CV (%) 22,52

General mean (kg ha-1) 1672,42

Source: [10]
ns not significant; * Significant at 5% probability level; ** Significant to 1% probability by the F test

Table 3. Average linear regression coefficient ( li), misuse of linear regression ( ij) and coefficient of determination (R2)
According to the methodology of Eberhart and Russell (1996) for grain production of soybean genotypes in Ceará.

Although production of soybean is still restricted in some areas for the northeastern states of
Bahia, Maranhão and Piauí, it has shown potential for expansion for other states in the re‐
gion such as Ceará. Near the city of Pentecost (3o 47’ S Latitude), cultivar trials during 2005
and 2005 have identified genotypes BRS TRACAJÁ, and BRS Sambaíba MA BR 97 1665as
having potential to be grown in Ceará (Table 3). Certain soybean cultivars, when intercrop‐
ped with corn, were capable of producing large biomass relative to other cultivars [42].

Preliminary testing of three soybean cultivars is being conducted by [9] in the coastal plains
in the state of Alagoas, near the city of Rio Largo, at a latitude of 9°29'45''. Cultivars used in
the study were MG / BR - 46 (Conquista), and BRS Tracajá MA/BRS-165 (Seridó RCH). Agro‐
nomic data for plant height is shown in Table 4 and data for yield and seed weight is in
Table 5.Although plant height was somewhat lower than that which is usually required for
mechanical harvesting, [9] demonstrated that yield production was good for all cultivars
ranging from 2,620 to 3,600 kg ha-1 (Table 5), being equal to or superior to the traditional re‐
gions of production soybean.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

380

Cultivars Plant height (cm)

Plant height stage R2 Plant height stage R9

MG/BR – 46 (conquista) 37.13 a 51.08 a

BRS Tracajá 41.95 a 63.88 a

MA/BRS – 165 (Seriado RCH) 35. 35 a 59.98 a

CV (%) 13.7 12.2

Source: [9]
Means Followed by the same letter not differ to the 5% level of probability by Tukey test.

Table 4. Height of plant growth stages R2 and R9 of three soybean varieties grown in the Coastal Plain region of the
state of Alagoas.

Cultivars Mass of 100 seeds Grain yield

---------------(g)-------------- --------------(kg ha-1)-----------

MG/BR – 46 (conquista) 19.22 a 2,620 a

BRS Tracajá 18.75 a 3,069 a

MA/BRS – 165 (Seridó RCH) 18.89 a 2,829 a

CV (%) 11.2 10.1

Source: [9]
Means Followed by the same letter not differ at the 5% level of probability by the Tukey test.

Table 5. Grain yield and mass of 100 seeds of three varieties grown on Coastal Plain region of the state of Alagoas.

In research conducted by [5], agronomic performance of several soybean cultivars in the
rugged areas of the states of Bahia and Sergipe (latitude 10°14'S and 10°55' S). There were
two series of screening studies conducted, the first having 14 genotypes and the second hav‐
ing 24. The tests were conducted during the growing seasons of 2006 and 2007 in several cit‐
ies in remote rural areas of Sergipe and Bahia. Among the many cultivars tested, the ones
performing the best were BRS SAMBAÍBA and EMGOPA, followed by BRS TRACAJÁ, BRS
CONQUISTA, BRS BELA VISTA, BRS CORISCO and BRS BARREIRAS. All cultivars dem‐
onstrated a yield range of 2,285-3,373 kg/ha.

Studies with 18 soybean cultivars, performed by [28] in the state of Piauí, (Lat05°02'40 "S),
were planted on 28 February 2010. Based on differences in days to first flower, the cultivars
were separated into four groups (Table 6): early (45 to 47.7 days), medium (48-57), late (>57
days), and average.

GENOTYPES* Cycle (days) Classification
cycle

Reproductive period

NDF days NDM days (PR) days (% PR)

BRS SAMBAÍBA 49.00 C 114.00 F Medium 55.25 C 47.12 B
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GENOTYPES* Cycle (days) Classification
cycle

Reproductive period

BRS CANDEIA 48.25 C 117.00 E Medium 66.50 A 55.64 A

BRS 219 BOA VISTA 46.25 D 101.25 I Early 56.00 C 47.14 B

BRS 271RR 45.75 D 104.50 H Early 60.00 B 48.62 B

114 BCR336F8 50.50 C 134.00 A Late 59.25 B 43.40 D

142 SOY94F5G 53.75 B 130.50 B Late 65.00 A 49.34 B

164 SOY94F5G 51.00 C 114.50 F Medium 55.50 C 45.63 C

168 BCR1069X7RG 53.25 B 120.75 D Medium 55.50 C 45.30 C

169 BCR1069X7RG 45.00 D 121.25 D Medium 55.50 C 45.31 C

170 BCR1069X7RG 48.50 C 123.00 D Medium 50.00 D 39.52 E

171 BCR1069X7RG 50.25 C 120.25 D Medium 65.25 A 53.59 A

172 BCR1069X7RG 50.50 C 126.00 C Late 62.50 B 48.54 B

173 BCR1069X7RG 51.00 C 121.25 D Medium 56.75 C 46.32 C

174 BCR1069X7RG 47.75 D 122.75 D Medium 55.00 C 45.17 C

175 BCR1069X7RG 49.00 C 128.00 C Late 62.00 B 48.06 B

176 BCR1069X7RG 57.25 A 117.50 E Medium 63.00 B 48.64 B

177 BCR1069X7RG 58.00 A 114.00 F Medium 56.25 C 45.93 C

179 SOY24F5G 50.25 C 107.50 G Early 61.25 B 48.62 B

C.V. (%) 4.62 1.55 5.16 4.85

General mean 50.29 118.77 58.91 47.33

Source: [28]
* Means Followed by the same letter not differ by Scott-Knott test (P ≤ 0.05).

Table 6. Mean values for the number of days to flowering (NDF), number of days to maturity (NDM), reproductive
period in days (PR) and percentage (RP%) of different soybean genotypes Evaluated in low latitude, in Teresina - PI.

[28] reported excellent yields with genotypes 171BCR1069X7RG and 174 BCR1069X7RG.
They both produced yields of about 4000 kg ha-1. These were much better than other geno‐
types, the lowest of which yielded below 2000 kg ha-1 (Table 7).

GENOTYPES* PRODUCTIVITY (kg ha-1)

171 BCR1069X7RG 4,188.53 A

174 BCR1069X7RG 3,838.66 A

170 BCR1069X7RG 3,464.27 B

177 BCR1069X7RG 3,248.29 B

169 BCR1069X7RG 3,084.99 B

175 BCR1069X7RG 2,802.35 C
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They both produced yields of about 4000 kg ha-1. These were much better than other geno‐
types, the lowest of which yielded below 2000 kg ha-1 (Table 7).
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GENOTYPES* PRODUCTIVITY (kg ha-1)

176 BCR1069X7RG 2,766.36 C

BRS 219 (BOA VISTA) 2,736.91 C

172 BCR1069X7RG 2,673.71 C

164 SOY94F5G 2,630.52 C

179 SOY24F5G 2,529.99 C

173 BCR1069X7RG 2,446.89 C

142 SOY94F5G 2,403.11 C

168 BCR1069X7RG 2,353.72 C

BRS SAMBAÍBA 2,352.66 C

114 BCR336F8 1,857.68 D

BRS CANDEIA 1,813.55 D

BRS 271RR 1,735.16 D

C.V % 13.21

General mean 2,718.19

Source: [28]
* Means followed by same letter do not differ by Scott-Knott test (P ≤ 0.05)

Table 7. Mean values of grain yield in different soybean genotypes evaluated in low latitude, Teresina - PI.

Research conducted in western Bahia, near the city of São Desidério (Lat 12o45’S). Growth
and yield of soybean at different planting dates are shown in Table 8. Although there were
some planting dates at which all cultivars showed good yields, only cultivar M-SOY 8411
yielded well at all four planting dates [9].

Cultivars Productivity (kg/ha)

Ep1 Ep2 Ep3 Ep4

M-SOY 8411 3,924 aA 3,518 aA 2,460 aB 938 aC

BRS Corisco 4,142 aA 2,768 bB 1,745 bC 585 aD

BRS 263 3,956 aA 2,518 bcB 1,163 bcC 659 aC

BRS Barreiras 3,930 aA 1,956 cB 715 cC 642 aC

M-SOY 9350 4,006 aA 2,635 bB 1,029 cC 851 aC

D.M.S = 238,38 C.V. (%)= 14.35

Source: [9]

Table 8. Average grain yield (kg / ha) from five soybean sown in times Ep1 (29/11/2006), Ep2 (12/14/2006) Ep3
(28/12/2006) and ep4 (01/12/2007), in western Bahia.
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Data for Value for Cultivation and Use (VCU) of soybean BRS 278RR for the state of São
Paulo indicated that it belongs to a medium maturity group (maturity group 9.4), with the
number of days to maturity ranging from 115 to 127 days [26]. According to these authors,
the average yield of soybean tested in 24 environments of evaluation was 2,973 kg/ha, and
5.2% more productive than the standard transgenic BRS 271RR, and 5% less productive than
the conventional BRS tracajá (Table 9).

Cultivar Productivity (Kg/ha) Relative productivity (%)

2004/05 2005/06 2006/07 Média

BRS 278RR 2,960 3,059 2,890 2,973 105.2

BRS Tracajá 3,083 3,298 2,942 3,115 110.2

BRS 271RR 2,720 3,154 2,568 2,825 100.0

Source: [26]

Table 9. Average grain yield (kg / ha) and relative yield (%) of BRS 278RR, BRS and BRS 271RR turtle in the agricultural
years 2004/05 to 2006/07 of the southern regions of the Maranhão, Piauí southwestern and northern Tocantins.

Because of these pioneering studies to develop cultivars adapted to different regions of
northern Brazil, soybean production has expanded rapidly throughout the region. For all
the soybean growing regions of Brazil, the greatest expansion has occurred in the North and
Northeast regions of the country [8]. Across the region, between the 2008/2009 growing sea‐
son to the 2009/2010 season, the area of production increased by 8.9% from 2,105,600 to
2,292,600 hectares. A more recent survey by [7] highlights the states of Bahia, Piauí and Mar‐
anhão. In the state of Piaui area there was a 16.6% increase in soybean acreage between 2011
and 2012, with the entire state having a production area of 447,300 hectares for soybean. In
the state of Bahia, the largest producer of oilseeds in the Northeast, the area planted to soy‐
bean increased by 6.6%, from 1,040,000 to 1,110,000 hectares across the same period. The
same type of expansion occurred in Maranhao where the growing area increased 12.2%,
from 518,200 to 581,400 hectares.

Development of adapted cultivars for Northeast Brazil has greatly aided this expansion into
tropical regions. This has made a significant contribution to strengthening the regional agri‐
cultural economy. Soybeans provides oil for the food industry and livestock meal for meat
production, enhances agricultural development in undeveloped areas, and helps to add a
protein-rich source of human food to ameliorate the widespread protein deficiencies com‐
mon to Northeast Brazil [3].

3. Edaphoclimatic Factors

Expansion of soybean into tropical areas of Brazil has been made possible by development
of genotypes having the long juvenile or late flowering trait in short-day photoperiods. This
was required to allow soybean to have a sufficiently long developmental period to achieve
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enough size for optimal yield [37]. Soybean cultivars are affected by photoperiod, humidity,
temperature, planting date, altitude, latitude, level of soil fertility and other factors [35]. Ac‐
cording to [44], these are the main elements responsible for the variability and difficulties for
growing the crop in Brazil. Environmental factors interact with soybean’s developmental
periods in affecting the growth and yield production of the crop.

Although soybean originated in the temperate world, it has a wide range of adaptability and
can be grown well in tropical and subtropical locations. Average temperatures optimal for
the best soybean development are between 20 and 35oC. At temperatures outside this range
there can be physiological disorders with flowering and rhizobial inoculation, as well as
poor growth. [35] claimed that at temperatures below 24oC flowering is retarded by two to
three days for each decrease of 0.5°C. Such conditions can happen in the Northeast at alti‐
tudes greater than 500 m in the rainy winter period. Such cases occur in Areia-Paraíba, Ga‐
ranhuns-Pernambuco and Triumfo-Pernambuco, among other cities.

Temperature has a strong influence on the rates of all the metabolic and physiological proc‐
esses occur during development. This has a direct effect on growth rate and yield. Tempera‐
ture also has a significant effect on the duration ofthe different developmental periods that
make up soybean’s crop cycle. In particular, the periods from emergence to flowering and
flowering to maturity are affected by it [16]. It is recommended that the planting of soybeans
should not be done when the soil temperature is below 20 oC so that germination and plant
emergence are not compromised. Once temperatures reach this level, the germination rate
increases exponentially with increasing temperature [21]. Thus, the number of days from
sowing to the state of emergency (LV) can vary from about 5-15 days, depending on temper‐
ature [35]. Also according to the authors, temperature is the main factor influencing plant
development, where low temperatures delay and high temperaturesaccelerate seedling
emergence and leaf development.

The time course of the vegetative activity of plants is adjusted to local conditions during the
growing season. In the dry tropics and subtropics, the growing season is limited by the in‐
tensification of water stress when the dry season begins [21]. Under the conditions of north‐
eastern Brazil, the predominant climate is hot and dry. According to some authors [14, 35],
for soybean temperatures above 40 oC have an adverse effect on the rate of growth, the rate
of formation of the nodes and internode growth and floral initiation. This causes problems
with flowering, pod formation and retention, and results in lower yield. These problems are
accentuated with the occurrence of water deficits.

Differences in flowering date between yearsby a cultivar sown in the same season are due to
temperature variations. Thus, high temperatures can cause soybean to flower too early,
which may cause a decrease in plant height,and accelerate the maturity of the crop [14]. The
nodulation and nitrogen fixation in soybean are greatly affected by soil temperature and the
growth of Bradyrhizobiumjaponicum is limited by temperatures above 33 oC [35]. When fac‐
ing environmental stress, there is always a genotype x environmental interaction which
must be considered during the breeding program for cultivar development [32].Solar radia‐
tion is a critical environmental factor because it directly affects the crop growth rate and the
ability to obtain enough dry matter for optimal yield potential. Water availability is also
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very important, because it affects leaf expansion, photosynthetic rate, crop growth rate, and
nitrogen fixation [30].

Not only is the level of light important, but length of day, or photoperiod, is also important.
Photoperiod affects many developmental processes such as flowering, seed germination,
growth of stems and leaves, formation of storage organs and assimilate partitioning [38]. It
also affects leaf expansion, photosynthesis, senescence, dormancy of buds, and other proc‐
esses [16]. Photoperiodism is a term describing all these plant responses to day length or
photoperiod. Photoperiod will be determined by the latitude of where the crop is grown and
the planting date.For soybean, the effective photoperiod includes the time from sunrise to
sunset and some of civil twilight. Three types of photoperiodic response are recognized:
short-day response in which flowering is induced and/or accelerated at a certain critical day
length or less; long-day response in which flowering is induced and/or accelerated at a cer‐
tain critical daylength or longer; and day neutral in which flowering time is unaffected by
day length. Soybean is a short-day plant.

Since vegetative growth in soybean occurs between emergence and the start of seed filling, it
is important that soybean be planted at a latitude and planting date where day lengths will
be long enough to allow enough time to the start of seed filling so that dry matter accumula‐
tion is large enough for optimal yield potential. The major problem with the expansion of
soybean into northern Brazil is in these low latitudes, day length is seldom longer than 12
hours per day. Ideally, it is best to plant in October or November to take advantage of the
lengthening days that occur at this time and continue until the summer solstice in late De‐
cember. Since the critical short-day period to hasten flowering occurs when the photoperiod
is shorter than 13.5 to 14.5 hours (the length varies with maturity group and cultivars within
maturity groups), the typical soybean planted in this region will have too short a time to
flowering and the start of seed filling to achieve enough size for optimal yield. For this rea‐
son, much research in Brazil has concentrated on incorporating the “long-juvenile” trait into
soybean cultivars. The juvenile period is the initial period in the plant’s growth when it’s
developmental rate does not accelerate in response to short days. Thus, cultivars having this
trait will have a longer time to flowering and the start of seed filling compared to those that
do not. Incorporation of this trait into Brazilian cultivars has greatly facilitated soybean ex‐
pansion into northern Brazil. [25, 15, 14] .

The physiology of the mode of action of the long juvenile period is still unknown. The trait
is either caused by a delayed ability of the plant to respond to short days or a requirement
for more short day cycles to induce and promote flowering relative to other soybeans
[14].The problem of short-day induced premature flowering in northern Brazil was ap‐
proached by selecting genotypes with insensitivity to photoperiod and/or having a long ju‐
venile period [27]. Several breeding programs have contributed to the development of high-
yielding cultivars adapted to different agro-climatic conditions of Brazil. For expansion into
central and northern Brazil, breeding programs have followed a strategy of developing gen‐
otypes adapted to low latitudes, through the incorporation of the long juvenile trait. Re‐
search conducted by [33] concluded that the germplasm bank of soybeans genetic variability
has remained relatively constant over the last 30 years.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

386



very important, because it affects leaf expansion, photosynthetic rate, crop growth rate, and
nitrogen fixation [30].

Not only is the level of light important, but length of day, or photoperiod, is also important.
Photoperiod affects many developmental processes such as flowering, seed germination,
growth of stems and leaves, formation of storage organs and assimilate partitioning [38]. It
also affects leaf expansion, photosynthesis, senescence, dormancy of buds, and other proc‐
esses [16]. Photoperiodism is a term describing all these plant responses to day length or
photoperiod. Photoperiod will be determined by the latitude of where the crop is grown and
the planting date.For soybean, the effective photoperiod includes the time from sunrise to
sunset and some of civil twilight. Three types of photoperiodic response are recognized:
short-day response in which flowering is induced and/or accelerated at a certain critical day
length or less; long-day response in which flowering is induced and/or accelerated at a cer‐
tain critical daylength or longer; and day neutral in which flowering time is unaffected by
day length. Soybean is a short-day plant.

Since vegetative growth in soybean occurs between emergence and the start of seed filling, it
is important that soybean be planted at a latitude and planting date where day lengths will
be long enough to allow enough time to the start of seed filling so that dry matter accumula‐
tion is large enough for optimal yield potential. The major problem with the expansion of
soybean into northern Brazil is in these low latitudes, day length is seldom longer than 12
hours per day. Ideally, it is best to plant in October or November to take advantage of the
lengthening days that occur at this time and continue until the summer solstice in late De‐
cember. Since the critical short-day period to hasten flowering occurs when the photoperiod
is shorter than 13.5 to 14.5 hours (the length varies with maturity group and cultivars within
maturity groups), the typical soybean planted in this region will have too short a time to
flowering and the start of seed filling to achieve enough size for optimal yield. For this rea‐
son, much research in Brazil has concentrated on incorporating the “long-juvenile” trait into
soybean cultivars. The juvenile period is the initial period in the plant’s growth when it’s
developmental rate does not accelerate in response to short days. Thus, cultivars having this
trait will have a longer time to flowering and the start of seed filling compared to those that
do not. Incorporation of this trait into Brazilian cultivars has greatly facilitated soybean ex‐
pansion into northern Brazil. [25, 15, 14] .

The physiology of the mode of action of the long juvenile period is still unknown. The trait
is either caused by a delayed ability of the plant to respond to short days or a requirement
for more short day cycles to induce and promote flowering relative to other soybeans
[14].The problem of short-day induced premature flowering in northern Brazil was ap‐
proached by selecting genotypes with insensitivity to photoperiod and/or having a long ju‐
venile period [27]. Several breeding programs have contributed to the development of high-
yielding cultivars adapted to different agro-climatic conditions of Brazil. For expansion into
central and northern Brazil, breeding programs have followed a strategy of developing gen‐
otypes adapted to low latitudes, through the incorporation of the long juvenile trait. Re‐
search conducted by [33] concluded that the germplasm bank of soybeans genetic variability
has remained relatively constant over the last 30 years.

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

386

The availability of water is another important environmental stress for soybean culture in
northern Brazil. The first critical period is seed germination and seedling development. Soy‐
bean seeds need to absorb enough water to achieve 50% moisture content to ensure good
germination. Soil water content needs to be between 50-85% of total available water. Ac‐
cording to [25], an annual rainfall 700-1200 mm that is well distributed during the soybean
cycle (500 to 700 mm) will meet the crops water needs. Soybean’s water requirement increas‐
es with plant development, reaching a maximum during the flowering and grain filling peri‐
ods (7-8 mm / day), and decreasing thereafter [12].

The growing season in northern Brazil  is  largely determined by occurrence of  the rainy
and dry seasons of the region. The dry season occurs between May to September and any
agriculture during this time requires irrigation [16]. Drought is usually the main factor re‐
sponsible for crop losses. The two most critical periods for drought stress in soybean are
during seed emergence to seedling establishment and the grain filling period. During ger‐
mination, both excess and lack of water are harmful to crop establishment. Soils having a
low  water  storage  in  general  are  unfit  for  soybean  production  for  most  cultivars  and
planting dates [13].

The soybean plant requires more water as growth and development proceed. Peak demand
is during flowering and early pod formation and remains high until physiological maturity.
The most critical period is during flowering and early pod formation. Drought stress at this
time will cause abortion of flowers and pods, resulting in lower seed production and re‐
duced yield [27]. Rainfall data from the state of Bahia indicates that there is a 80% chance for
receiving sufficient rainfall to avoid drought stress during the critical periods [36]. The most
important variable to be considered when dealing with drought stress is water retention in
the soil during the growing season [27]. In summary, obtaining optimal yield in a given en‐
vironment, depends upon maximizing the genetic potential of a given cultivar [31]. This in‐
volves having a long enough time for vegetative growth so that the prevailing photoperiod
does not reduce yield, and the avoidance of drought stress [34]. Experimental trials in Brazil
have shown there is a genetic yield potential of more than 5,000 kg/ha grain [2]. Genetic po‐
tential for most cultivated crops has increased greatly over the last 100 years. However, real‐
izing this potential will depend on coping with environmental stress [27]. Soybean is
recognized as having wide genetic diversity and with proper genetic and breeding research
it can be adapted to a wide range of environmental conditions. Efforts in Brazil over the last
40 years to deal with problems presented by photoperiodic adaptation and coping with oth‐
er environmental stresses have shown how this can happen through cooperative research ef‐
forts involving breeders, physiologists, geneticists, and agronomists.

4. Conclusion

Brazil has become the second largest producer of soybeans in the world. This has occurred
largely because of our success at developing soybean cultivation in the low latitude regions
(1°20'00'' and 19º00'00'' S) in central and northern Brazil. Much of the area opened to soy‐
bean production lies in the Cerrado region which is Brazil’s agricultural frontier.
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Northeast Brazil is also an area for agricultural development. It has a wide variety of envi‐
ronmental zones and is suitable for mechanized agriculture on small- or medium-sized
farms. It has potential for production of many crops ranging from pastures for dairy cattle to
bio-energy crops like sugar cane (ethanol) and biodiesel (soybean). Our progress in the agri‐
cultural development of this region is due to concentrated investment of financial and hu‐
man resources in genetic improvement of cultivars and their adaptation to different climates
in this region. The largest effort has been the development of cultivars with the long-juve‐
nile trait which has overcome the problem of the short photoperiods common to this tropi‐
cal region. Thus, short-day induced premature flowering is no longer a problem, and
soybean can be grown in northern Brazil that achieve a size suitable for optimal yield. The
greatest expanse of soybean production in northern Brazil has occurred in the states of “Ba‐
hia, Maranhão and Piauí”. It is in these states that the public and private research efforts
have been focused. Similar efforts have now been started in other northern states such as
“Ceará, Sergipe, Paraiba, Pernambuco, Alagoas and Rio Grande do Norte”. University and
state research efforts are now being conducted to develop adapted soybean cultivars for the
small and medium-sized farms of this region. Much effort will also have to be invested into
marketing and transport. We firmly believe that with continued research efforts, soybean
production in northern Brazil will expand into the future and that Brazil will become the
largest soybean producer in the world within the next 20 years.
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Soybean Proteomics: Applications and Challenges

Alka Dwevedi and Arvind M Kayastha

Additional information is available at the end of the chapter
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1. Introduction

Proteomics is one of the most explored areas of research based on global-scale analysis of
proteins. It leads to direct understanding of function and regulation of genes. Significant ad‐
vances in the comprehensive profiling, functional analysis, and regulation of plant proteins
have not advanced much as compared to model organisms such as yeast, humans etc. The
application of proteomic approaches to plants implicates; comprehensive identification of
proteins, their isoforms, as well as their prevalence in each tissue, characterizing the bio‐
chemical and cellular functions of each protein and the analysis of protein regulation and its
relation to other regulatory networks [1]. Genes of higher eukaryotes (including plants) con‐
tain introns which are large and numerous. Therefore, combinational exon usage originating
from complex gene structures results in a multitude of splice variants leading to generation
of different protein products from a given gene. Thus, the determination of the comprehen‐
sive pattern of expression of each protein isoform is a challenging task, most importantly for
poorly expressed proteins [2].

The two-dimensional gel electrophoresis (2-DE) is used for profiling protein expression in‐
volving separation of complex protein mixtures by molecular charge in the first dimension
and by mass in the second dimension. Recent advancement in 2-DE has improved resolu‐
tion and reproducibility but still automation in high-throughput setting is lagging. The alter‐
native approaches like multi-dimensional protein identification technology involving large-
scale proteomics are able to generate a large catalog of proteins present in complex cell
extracts. Further, detection of low abundance proteins using sub-cellular fractionation re‐
duces the complexity of protein extracts. These efforts have successfully characterized nucle‐
ar, chloroplast, amyloplast, plasma membrane, peroxisome, endoplasmic reticulum, cell
wall, and mitochondrial proteomes of a model plant, Arabidopsis. Although, high-through‐
put technologies have helped in characterization of Arabidopsis and other organisms’ pro‐
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teomes, characterization of various protein classes including membrane and hydrophobic
proteins which are recalcitrant to isolation and analysis is still inaccessible [3].

Food allergy can be  a  serious  nutritional  problem in  children and adults.  Any protein-
containing food has the potential  to  elicit  an allergic  reaction in the human population.
Antibody IgE-mediated reactions are the most prevalent allergic reactions to food. These
responses occur after the release of chemical mediators from mast cells and basophils as
a result  of  interactions between food proteins and specific  IgE molecules on the surface
of these receptor cells.  Eight foods or food groups have been identified as the most fre‐
quent sources of human food allergens and account for over 90% of the documented food
allergies  worldwide.  These  foods  are  milk,  eggs,  fish,  crustaceans,  wheat,  peanuts,  tree
nuts and soy [4]. Despite their well-documented allergenicity, soy derivatives continue to
be increasingly used in a variety of  food products  due to their  well-documented health
benefits.  Soybean has also been one of the selected target crops for genetic modification
(GM). For example, the artificial introduction of 5-enolpyruvylshikimate-3-phosphate syn‐
thase in soybean crop creates an alternative pathway which is  insensitive to glyphosate
(most  potent  herbicide),  thus  increasing  overall  crop  yield.  One  of  the  major  concerns
regarding the safety of GM foods is the potential allergenicity of the resulting products,
namely the possible occurrence of either altered or de novo expressed of endogenous aller‐
gens  after  genetic  manipulation.  This  concern  justifies  careful  plant  characterization  [5].
Proteomics is one of the powerful approaches allowing rapid and reliable protein identi‐
fication. It can provide information about their post-translational modifications, sub-cellu‐
lar  localization,  level  of  protein  expression and protein-protein  interactions.  Despite  the
importance of soybean and the availability of powerful tools for the analysis of proteins
from sub-cellular organelles, and specifically for the identification of allergens, only a lim‐
ited number of reports have been published to date.

Soybean is an important source of protein for human and animal nutrition, as well as a ma‐
jor source of vegetable oil. Although soybean is adapted to grow in a range of climatic con‐
ditions including adverse environmental and biological factors, still it has been affected with
respect to growth, development, and global production For instance, drought reduces the
yield of soybean by about 40%, affecting all stages of plant development from germination
to flowering thus reducing the quality of the seeds. [6]. Several other abiotic stresses, such as
flooding, high temperature, irradiation, or the presence of pollutants in the air and soil have
detrimental effects on the growth and productivity of soybean. Along with morphological
and physiological studies on the responses of plants to stress conditions, several molecular
mechanisms from gene transcription to translation as well as metabolites were investigated.
Recent advances in the field of proteomics have created an opportunity for dissecting quan‐
titative traits in a more meaningful way. Proteomics can investigate the molecular mecha‐
nisms of plants’ responses to stresses and provides a path toward increasing the efficiency
of indirect selection for inherited traits. In soybean a comprehensive functional genomics is
yet to be performed; therefore, proteomics approaches form a powerful tool for analyzing
the functions of complete set of proteins including those involved in stress protection.
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2. Proteomics: isolation, identification and classification

In plant proteomics, the type of the plant species, tissues, organs, cell organelles, and the na‐
ture of desired proteins affect the techniques that can be used for protein extraction. Further‐
more, the extraction process becomes more tedious when the protein is present inside
vacuoles, rigid cell walls, or membrane plastids. A perfect protein extraction method in‐
volves complete solubilization of total proteins from a given sample and minimizing post-
extraction artifact formation, proteolytic degradation as well as removal of non-
proteinaceous contaminants. To date, only the proteome of Arabidopsis and rice have been
studied while less attention has been paid to other plants including soybean. Soybean has
high levels of phenolic compounds, proteolytic and oxidative enzymes, terpenes, organic
acids, and carbohydrates due to which protein extraction is very tedious. Further it contains
contains large quantities of secondary metabolites, viz. flavone glycosides (kaempferol and
quercetin glycosides), phenolic compounds, lipids and carbohydrates. Thus impedes high-
quality protein extraction in turn high-resolution protein separation in 2-DE.

In classical proteome analyses, proteins are initially separated by a 2-DE technique with iso‐
electric focusing (IEF) as the first dimension and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) as the second dimension. A greater resolution in protein sepa‐
ration has been achieved by introducing immobilized pH gradients (IPGs) for the first di‐
mension. Methodological advances in 2-DE have led to the introduction of two-dimensional
fluorescence difference gel electrophoresis (2D-DIGE), which has been used for the compa‐
rative analysis of the proteome of soybean subjected to abiotic and biotic stresses [7]. The
separated proteins can be subsequently identified by sequencing or by mass spectrometry.
By introduction of mass spectrometry into protein chemistry, matrix-assisted laser desorp‐
tion/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and liquid chromatogra‐
phy/tandem mass spectrometry (LC-MS/MS) have become the methods of choice for high-
throughput identification of proteins. An alternative technique known variously as ‘gel-free
proteomics’, ‘shotgun proteomics’, or ‘LC-MS/MS-based proteomics’ can also be used in
high-throughput protein analysis. This approach is based on LC separation of complex pep‐
tide mixtures coupled with tandem mass spectrometric analysis. A multidimensional pro‐
tein identification technology (MudPIT) that usually incorporates separation on a strong
cation exchange, reverse-phase column and MS/MS analysis helps the efficient separation of
complex peptide mixtures. The gel-free technique have the advantage of being capable of
identifying low-abundance proteins, proteins with extreme molecular weights or pI values,
and hydrophobic proteins that cannot be identified by using gel-based technique. A combi‐
nation of gel-based and gel-free proteomics has been used for identification of soybean plas‐
ma membrane proteins under abiotic stress, viz. flooding, osmotic, salinity stress. Methods
for protein identification are not usually organism specific, and they can be applied to a
wide range of living organisms in addition to soybean. Identification of proteins is normally
performed by using a database search engine such as MASCOT or SEQUEST.

Soybean has an estimated genome size of 1115 Mbp, which is significantly larger than those
of other crops, such as rice (490 Mbp) or sorghum (818 Mbp). Sequencing of the 1100 Mbp of
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total soybean genome predicts the presence of 46,430 protein-encoding genes, 70% more
than in Arabidopsis [8]. The soybean genome database contains 75,778 sequences and
25,431,846 residues have been constructed on the basis of the Soybean Genome Project, DOE
Joint Genome Institute; this database is available at http://www.phytozome.net. Although
the genome sequence information is almost completed, no high-quality genome assembly is
available because the results from the computational gene-modeling algorithm are imper‐
fect. In addition, duplications in the genome of soybean result in nearly 75% of the genes
being present as multiple copies, which further complicate the analysis. The soybean pro‐
teome database (http://proteome.dc.affrc.go.jp/Soybean) provides valuable information in‐
cluding 2-DE maps and functional analysis of soybean proteins. However, the presence of a
considerable number of proteins with unknown functions highlights the limitations of bioin‐
formatics prediction tools and the need for further functional analyses. The cellular proteo‐
mics helps in identification of changes in protein expression under different growing
condition and treatments. The analytical methodology for the separation and identification
of a large numbers of proteins should be authentic and confirmable. The proteome map of
mature dry soybean seeds has been prepared by employing robotic automation at subse‐
quent steps of 2-DE. Further, UniGene database was implemented for proteins identifica‐
tions. Total protein from mature dry soybean (Glycine max cv. Jefferson) seed was isolated
and 2D-PAGE performed using 13 cm IPG strips and subsequently doing SDS-PAGE. Pro‐
tein spots were analyzed using Phoretix 2D-Advanced software. Excised protein spots were
arrayed into 96-well plates and transferred to a Multiprobe II EX liquid handling station for
subsequent destaining, tryptic digestion and peptide extraction. MALDI-TOF MS was oper‐
ated in the positive ion delayed extraction reflector mode. Peptide spectra were submitted to
a MS Fit program of Protein Prospector. Assignments from UniGene contigs were subse‐
quently searched against the NCBI non-redundant database using the BLASTP search algo‐
rithm to determine similarity matches [9].

Trichloroacetic acid (TCA)/acetone-based and phenol-based buffers are most frequently
used in protein extraction from plants. A comprehensive proteomic study was performed on
nine organs from soybean plants in various developmental stages by using three different
methods for protein extraction and solubilization. The results showed that the use of an al‐
kaline phosphatase buffer followed by TCA/acetone precipitation caused horizontal streak‐
ing in 2-DE while use of a Mg/NP-40 buffer followed by extraction with alkaline phenol and
methanol/ammonium acetate produced high-quality proteome maps with well-separated
spots, high spot intensities, and high numbers of separate protein spots in 2-DE gels [10, 11].
In the case of organelle proteomics particularly that of membrane proteomics, a different ex‐
traction procedure is required that involves modifications to dissolve hydrophobic proteins
and additional purification steps. Furthermore, when studying protein–protein interactions,
it is necessary to extract protein complexes by using buffers with less or no detergent to get
the proteins in their native states. Despite the importance of seed filling in the synthesis of
storage reserves for germination, systematic proteomic analysis of this phase in legumes is
yet to be carried out.
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Total seed proteins of soybean (cv. Maverick) at different stages of flowering (14, 21, 28, 35
and 42 days) were isolated and subsequently 2D-PAGE was done. Initially IPG strips of pH
3 to 10 were taken then narrowed down to pH range to 4 to 7 for high-resolution proteome
maps. A total of 488 and 679 proteins were identified from 2D-PAGE gels of pH range 4 to 7
and 3 to 10 gels, respectively. Each of the 679 proteins was excised from reference gels for
identification by MALDI-TOF MS and a total of 422 proteins (62%) were identified. One
unique protein was often represented by more than one spot on the 2D-PAGE gel, most like‐
ly due to post-translational modifications or genetic isoforms. Taking into account this re‐
dundancy, 216 unique proteins out of 422 were identified. A total of 82 proteins were
associated with metabolism (the largest functional class) and the second largest functional
class were comprised of 52 spots assigned to the seed storage proteins β-conglycinin and
glycinin. An overall down- and up-regulation was observed for metabolism and storage re‐
lated proteins, respectively, during seed filling, suggesting metabolic activity curtails as
seeds approach maturity. Abundance of proteins related to metabolite transporter, disease
and defense, energy production, cell growth and division, signal transduction, protein syn‐
thesis and secondary metabolism did not vary significantly. Furthermore, 13 sucrose-bind‐
ing proteins have been mapped to the same UniGene accession number, suggesting the
importance of sucrose as a signaling molecule in seed and embryo development. There were
a total of 92 unknown proteins which could not be classified, therefore grouped into five ex‐
pression profiles [12].

3. Implication of proteomics in understanding soybean stress

Soybean is grown worldwide with an average protein content of 40% (highest protein con‐
tent with respect to other food crops) and oil content of 20% (which is second only to that of
groundnut among the leguminous foods). Furthermore, soybean improves soil fertility by
fixing nitrogen from the atmosphere in symbiosis with nitrogen fixing bacteria. It is, howev‐
er, susceptible to various types of stresses (abiotic and biotic). Tolerance and susceptibility to
stresses are complex phenomena because they are quantitatively inherited and can occur
during different stages of plant growth and development. Extrinsic stress is regarded as the
most important stress agent, which results from changes in abiotic factors such as tempera‐
ture, climatic factors and chemical components, either naturally occurring or manmade. Fur‐
ther, biotic stresses (occurs as a result of damage done to plants by other living organisms,
such as bacteria, viruses, fungi, parasites, beneficial and harmful insects, weeds, bacterial,
fungal, algal and viral diseases) can also cause huge deterioration in plant growth and yield.
Plants have developed adaptive features against these stresses. The genome remains un‐
changed to a large extent in any particular cell while proteins change dramatically as genes
are turned on or off in response to stress. The proteome determines the cellular phenotype
and its plasticity in response to external signals. It is proteins that are directly involved in
both normal and stress-associated biochemical processes. Therefore, a more complete under‐
standing of stress in soybean may be gained by looking directly into the proteins within a
stressed cell or tissue. Proteomic based techniques that allow large-scale protein profiling
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are powerful tools for the identification of proteins involved in stress-responses in plants.
Extensive studies have evaluated changes in protein levels in plant tissues in response to
stresses. Unfortunately, these studies have been mainly focused on non-legume species such
as Arabidopsis and rice, and only recently have been enlarged to include some legumes. As a
result only a handful of studies have been carried out in legumes, although in the next few
years there should be a significant increase in the number of legume species and stresses
would be analyzed. Recently, proteomic approaches have been applied to various legumes
like M. truncatula, lentils, lupin, common bean, cowpea and soybean to identify proteins in‐
volved in the response to different stresses. Interestingly, many of the induced proteins from
these different stresses were common or belonged to overlapping pathways [13].

Considerable amount of research has been carried out during the last decade to find the ef‐
fect of stress under extreme . These include chloroplast membrane, cell wall and nuclear en‐
velope, while some researchers have focused on individual tissues viz. seeds, mitochondria,
root tips, vacuoles, chloroplasts and thylakoids. To date, lots of reports have come which
emphasize changes in protein expression levels during a particular or integrative stress con‐
sequently affecting cellular metabolism. Proteomics provides direct assessment of the bio‐
chemical processes of monitoring the actual proteins performing signaling, enzymatic,
regulatory and structural functions encoded by the genome and transcriptome.

Following are the different categories of proteins with important properties, which have
been shown to play a crucial role against abiotic environmental stress as well as biotic stress.
The data so collected from various plants including soybean is based on 2-DE, mass spec‐
trometry and bioinformatics tools.

(a) Antioxidants Enzymes

Reactive oxygen species (ROS) in plant cellulars are produced as a consequence of myriad
stimuli ranging from abiotic and biotic stress, production of hormonal regulators, as well as
cell processes such as polar growth and programmed cell death [14]. These reactive mole‐
cules are generated at a number of cellular sites, including mitochondria, chloroplasts, per‐
oxisomes, and at the extracellular side of the plasma membrane. ROS trigger signal
transduction events, such as mitogen-activated protein kinase cascades eliciting specific cel‐
lular response.s. The influence of these molecules on cellular processes is mediated by both
the perpetuation of their production and their amelioration by scavenging enzymes such as
superoxide dismutase, ascorbate peroxidase, and catalase. The location, amplitude, and du‐
ration of production of these molecules are determined by the specificity of the responses
[15]. Accumulation of ROS as a result of various environmental stresses is a major cause of
loss of crop productivity worldwide. ROS affect many cellular functions by damaging nucle‐
ic acids, oxidizing proteins, and causing lipid peroxidation. It is important to note that
whether ROS will act as damaging, protective or signaling factors depends on the delicate
equilibrium between ROS production and scavenging at the proper site and time. ROS can
damage cells as well as initiate responses such as new gene expression. The cell response
evoked is strongly dependent on several factors. The subcellular location for formation of
ROS may be especially important for a highly reactive ROS, because it diffuses only a very
short distance before reacting with a cellular molecule. Stress-induced ROS accumulation is
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are powerful tools for the identification of proteins involved in stress-responses in plants.
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counteracted by enzymatic antioxidant systems that include a variety of scavengers, such as
superoxide dismutase, ascorbate peroxidase, glutathione peroxidase, glutathione S-transfer‐
ase, catalase and non-enzymatic low molecular metabolites, such as ascorbate, glutathione
(red.), α-tocopherol, carotenoids and flavonoids. In addition, proline can now be added to
an elite list of non-enzymatic antioxidants that microbes, animals, and plants need to coun‐
teract the inhibitory effects of ROS [16]. Plant stress tolerance may therefore be improved by
the enhancement of in vivo levels of antioxidant enzymes. The antioxidants as described are
found in almost all cellular compartments which signify the importance of ROS detoxifica‐
tion for cellular survival. It has also been shown that ROS influence the expression of a num‐
ber of genes and signal transduction pathways which suggest that cells have evolved
strategies to use ROS as biological stimuli and signals that activate and control various ge‐
netic stress-response programs. Control of plant pathogens by genetic engineering has tar‐
geted ROS for development of pathogen resistant crop varieties [17]. Antisense technology
has been used to reduce the capability to scavenge H2O2 in case of model plants like Arabi‐
dopsis thaliana and Nicotiana tabacum. In these plants, antioxidant enzymes like catalase and
ascorbate peroxidase are under-expressed and it has been found that they were hyper-re‐
sponsive to pathogen attack. This further confirms that the ability of plant cells to regulate
the efficiency in their ROS-removal strategies is a key point in their resistance against patho‐
gens. The technology is yet to be implemented in case of legumes including soybean as in‐
tensive research is going on future prospects of the technology.

(b) Abscissic acid signaling and related protein

Abscissic acid (ABA) has been implicated in plant response to environmental stress by inter‐
fering at different levels with signaling. Its level increases under stress conditions to trigger
metabolic and physiological changes [18]. It has become increasingly clear that the isolated
abiotic signaling network is controlled by ABA and the biotic network is controlled by salicyl‐
ic acid, jasmonic acid and ethylene are interconnected at various levels [19]. The concept of
marker genes whose expression is believed to be regulated by individual hormones does not
do justice to the nature of the network. The apparent cross-talk in stress-hormone signaling
makes it difficult to assign a marker gene or a mutant phenotype to a specific hormone-
controlled pathway. The signaling network into which the four stress hormones and other
signals feed is apparently designed to allow plants to adapt optimally to specific situations by
integrating possibly conflicting information from environmental conditions, biotic stress, and
developmental as well as nutritional status. Promoter analyses of ABA/stress-responsive genes
revealed that a DNA sequence element consisting of ACGTGGC is important for ABA regu‐
lation. For the past several years, researchers have been trying to identify transcription fac‐
tors that regulate the expression of ABA/stress-responsive genes via the consensus element,
which is generally known as ‘Abscisic Acid Response Element’ (ABRE). Many basic leucine
zipper class DNA-binding proteins that interact with the element have been reported [20].
Researchers have focused on the small subfamily of Arabidopsis basic leucine zipper proteins
referred to as ABFs (ABRE-binding factors), whose expression is induced by ABA and by
various abiotic stresses (i.e., cold, high salt and drought). ABA is involved in responses to
environmental stress such as salinity, and is required by the plant for stress tolerance as found
recently on soybean studies. The leaf ABA content in salt-tolerant soybean increased signifi‐
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cantly under salt stress, while in case of salt sensitive soybean has almost negligible increase
in ABA. It is thus possible that ABA enhances salt tolerance in soybean [21].

(c) GABA-related protein

γ-Aminobutyric acid (GABA) is a non-protein amino acid that is conserved from bacteria
through yeast to vertebrates and was discovered in plants over half-a-century ago. It is
mainly metabolized through a short pathway called the GABA shunt, because it bypasses
two steps of the tricarboxylic-acid (TCA) cycle. The pathway is composed of three enzymes:
the cytosolic and mitochondrial glutamate decarboxylase (GAD), GABA transaminase (GA‐
BA-T) and succinic semialdehyde dehydrogenase (SSADH). Although there are differences
in the subcellular localization of GABA-shunt enzymes in different organisms have been re‐
ported (for e.g. in yeast, SSADH is present inside cytosol) [22]. In an alternative reaction,
succinic semialdehyde can be converted to GHB (γ-hydroxybutyric acid) through a GHB de‐
hydrogenase (GHBDH) present in animals and recently identified in plants [23]. Interesting‐
ly, research of GABA in vertebrates has focused mainly on its role in the context of plant
responses to stress, because of its rapid and dramatic production in response to biotic and
abiotic stresses. For example, disruption of the unique SSADH gene in Arabidopsis results in
plants undergoing necrotic cell death caused by the accumulation of reactive oxygen inter‐
mediates (ROIs) when they are exposed to environmental stresses [24]. A recent article re‐
ports that a gradient of GABA concentration is essential for the growth and guidance of
pollen tubes and suggests that this amino acid plays a role in intercellular signaling in
plants, possibly similar to its role in animals. The main question raised by these recent find‐
ings is whether GABA itself serves as a signaling molecule in plants. If so, this would imply
that GABA is capable of mediating developmental changes and cell guidance by interacting
with specialized plant receptors [25].

(d) Mitogen-activated protein kinase signaling and related proteins

Like other eukaryotes, plants use mitogen-activated protein kinase (MAPK) cascades to reg‐
ulate various cellular processes in response to a broad range of biotic and abiotic stress.
These cascades promote the transient activation of MAPKs by a dual phosphorylation of Thr
and Tyr within the activation loop of the MAPK. Recent studies indicate that MAPKs are not
only regulated through phosphorylation by upstream kinases, but also by direct binding of
different protein factors [26]. The constitutive activation of MAPKs was found to result in
detrimental effects, underlining the importance of a negative regulation of MAPK signaling.
MAPK phosphatases (MKPs) are negative regulators of MAPKs. Recent progress in analyz‐
ing plant MKP mutants has revealed their important role in fine-tuning MAPK signaling. In
particular, the dual-specificity phosphatase MKP1 and the protein tyrosine phosphatase
(PTP1) negatively regulate defense responses and resistance to a bacterial pathogen by
counter balancing the activation of two MAPKs (MPK3 and MPK6). Interestingly, MKP1
and PTP1 bind CaM, and the phosphatase activity of MKP1 is increased by CaM in a Ca2+-
dependent manner. Thus, Ca2+ and MAPK signaling pathways appear to be connected
through the regulation of plant MAPKs and MKPs by CaM [27].

(e) Calcium signaling and related proteins
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Plant cells are equipped with highly efficient mechanisms to perceive, transduce and re‐
spond to a wide variety of internal and external signals during their growth and develop‐
ment.  Perception  of  signals  via  receptors  results  in  generation  or  synthesis  of  non-
proteinaceous molecules which are termed as messengers. The messengers include Ca2+ ions,
small organic molecules such as cyclic nucleotide monophosphates, inositol triphosphates and
inorganic molecules such as H2O2 and NO. The elements of receptors, messengers, sensors
and targets vary depending on the signal received. Identification and functional assignment
of these elements in a stimulus-specific signal transduction pathway is a challenging area for
plant biologists. With the completion of genome sequences of various organisms, including
Arabidopsis thaliana, Oryza sativa, Medicago trunculata, Glycine max etc. it has become evident
that plants have a large number of motifs containing helix-loop-helix which binds to Ca2+ [28].
Further, Ca2+ has been implicated in mediating various developmental processes (pollen tube
growth, root-hair and lateral root development and nodulation), hormone regulated cellular
activities (cell  division and elongation, stomatal closure/opening), pathogen- and elicitor-
induced defense related processes, and a variety of abiotic stress signal induced gene expres‐
sion. However, the identity and functions of downstream transducers and mechanisms by
which Ca2+ mediates a variety of cellular responses are just begin to unravel in plants. In plants,
spatially and temporally distinct changes in cellular Ca2+ concentrations, designated as “Ca2+

signatures” that are evoked in response to different stimuli like drought, salt or osmotic stresses,
temperature, light and plant hormones represent a central mechanistic principle to present
defined stimulus-specific information [29]. These specific “Ca2+ signatures” are formed by the
tightly regulated activities  of  channels  and transporters at  different membranes and cell
organelles. While the identity and function of components of the Ca2+ extrusion system are
rather well understood in plant cells, the molecular identity of Ca2+ specific influx channels
has remained unknown. However, non-specific influx of Ca2+ mediated by ligand gated cation
channels like cyclic nucleotide gated channels and glutamate receptor-like proteins contrib‐
ute to different Ca2+ mediated cellular functions like the response to pathogens, pollen tube
growth and abiotic stress. The unique structural composition of Ca2+ binding proteins and the
complexity of the target proteins regulated by the Ca2+ sensors allow the plant to tightly control
the appropriate adaptation to its  ever changing environment.  It  is  actually still  not well
understood about interface of information presentation by a specific Ca2+ signal and initia‐
tion of information decoding by Ca2+ sensors that represent a most critical step in specific
information processing [30].

4. Significance of proteomics in soybean allergenicity

Soybeans have played a central role in concerns about GM introduced allergens and in us‐
ing GM to remove intrinsic allergens. Soybean is a rich and inexpensive source of proteins
for humans and animals. Soybean milk and dairy product replacement is growing in accept‐
ance, not only by people sensitive to lactose and/or milk proteins, but also for health consid‐
erations. Soybean protein is widely used in thousands of processed foods throughout the
industrialized world and is a staple crop in Asia. Soybean ranks among the eight most sig‐
nificant food allergens. Soybean sensitivity is estimated to occur in 5-8% of children and
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1-2% of adults. The allergic reaction is only rarely life-threatening with the primary adverse
reactions to consumption being atopic (skin) reactions and gastric distress. Symptoms of soy
allergy usually appear within a few minutes to two hours of eating soy ingredients. People
with soy allergies may cross-react with peanuts or other legumes, such as beans or peas. Soy
is one of the most common allergens for infants who have not yet begun eating solid foods,
because they may be fed soy-based infant formula. It is rare for babies to have a traditional
IgE mediated food allergy to soy, but some babies may develop milk-soy protein intolerance
[31-34] or food protein induced enterocolitis syndrome [http://foodallergies.about.com/od/
soyallergies/a/Soy-Allergy-Overview.htm]. Infants will usually develop these sensitivities
within a few months of birth, and most will outgrow them by the age of two. Most people
with soy allergies can tolerate the small amount of soy protein that remains in refined soy‐
bean oil and soy lecithin. Both of these ingredients may cause allergic reactions in highly
sensitized people. There are some data available that describe the natural variation in aller‐
gen proteins that occur in soybean. For a better understanding of the variation of allergen
proteins that might be expected to occur in GM soybeans, it is important to determine the
natural variation of protein composition both in wild and GM soybeans. “Proteomics” ap‐
proach is the foremost one which allows protein identification and quantification with ut‐
most accuracy.

Biotechnology critics have claimed that an apparent rise in the number of soybean allergic
individuals in the UK is correlated with the development of GM soybeans in the American
market. GM-soybeans that have been developed in the US include herbicide-resistance
(glyphosate) and seeds with higher percentage of essential amino acids, esp. methionine. Ex‐
periments have directly tested the allergenicity of herbicide-tolerant soybeans using immu‐
nological tests with samples from soybean-sensitive people. These assays have shown that
herbicide-resistant GM soybeans do not present any measurable differences in allergenicity
compared with non-GM soybeans and are, therefore, substantially equivalent by allergenic
criteria. Sensitive people remain allergic to GM soybeans, but there is no additional allergen‐
ic risk to others. According to some reports protein expressed corresponding to transgene
responsible for herbicide-resistance in soybeans has allergenic motifs [35]. On ingestion a
portion of the transgene along with the promoter get transferred to human gut bacteria. The
transformed bacteria containing transgene continues to produce herbicide-resistance aller‐
genic protein even when the individual is not eating GM soy. Therefore an individual is
constantly exposed to potentially allergenic protein, being created within his gut. Further,
herbicide-resistant protein is made more allergenic due to its misfolding brought by rear‐
rangement of unstable transgenes. Some reports emphasize the fact that protein allergenicity
is due to suppression of pancreatic-enzymes due to which protein remains in the gut for lon‐
ger duration contributing to allergies. There is insufficient data to support in vivo toxicity of
herbicide-resistant protein either due to transformation or enzyme suppression [36]. GM-
soybeans with enhanced methionine content such as prolamines and 2S albumins were test‐
ed for its allergenicity before its commercialization. It was found that allergenicity was
much higher with respect to wild soybeans [37]. Consequently the development of GM soy‐
bean with enhanced methionine has been abandoned and no product was released, thus no‐
body was harmed by its adverse reactions. Recently, one of the interesting analyses has been
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done on GM-soy irrespective of herbicide resistance or enhanced methionine content. It has
found that GM transformation process may lead to increment in natural allergens in soy‐
beans. The level of one known allergen is trypsin inhibitor which is 27% higher in raw GM
soy varieties with respect to natural varieties [38]. Further, it has also been found that
cooked GM soy has sevenfold higher amount of trypsin inhibitor as compared to cooked
non-GM soy due to its extreme heat stability. There are several reports including both sup‐
portive as well unsupportive towards effects of GM-soy on humankind as well as on other
flora and fauna of the environment. It will require intensive research including proteomics
before their release into the commercial markets.

Plant biotechnology has not only tried to produce GM-soy which is herbicide resistance or
with enhanced methionine content but also aimed to remove naturally occurring allergens
in native soy varieties. Presently primary treatment for food allergies is avoidance, but it is
unavoidable in case of soybean protein which is present in thousands of products. There‐
fore, it is very difficult to avoid soybean and its derived products. Research is going on to
produce hypoallergenic variants of soybean which has potential to reduce the risk of ad‐
verse reactions. Soybeans possess as many as 15 proteins recognized by IgEs from soybean-
sensitive people [39]. The immunodominant soybean allergens are the β-subunit of
conglycinin and P34 or Gly m Bd 30k (cysteine proteases from papain family). The P34/Gly
m Bd 30k protein is a unique member of the papain superfamily lacking the catalytic cys‐
teine residue that is replaced by a glycine which is 70% more allergenic with respect to con‐
glycinin. There are several approaches that have been taken to produce a hypoallergenic
soybean. One approach was to search cultivars which lack allergens and then crossing its
germplasm to elite germplasm. This approach could not be implemented as there was no
soybean cultivar (either domesticated or wild) present which lack P34/Gly m Bd 30k. Immu‐
nological assays of P34/Gly m Bd 30k with antibodies from soybean-sensitive people result‐
ed in the identification of 14 contiguous and non-contiguous linear epitopes. The presence of
so many distinct linear epitopes means that the probability of a naturally occurring variant
with a sufficient number of alterations to disrupt the allergenicity is extremely small. Protein
engineering could be performed to alter amino acid sequence by disrupting allergenic se‐
quences. Using linear peptides to test possible modifications, it is straightforward to assay
numerous variants and pick one that is not recognized by the IgE population. The epitope
modification approach is not feasible to produce an essentially hypoallergenic variant. The
problem with this technology is to remove completely the intrinsic allergen and substitute
the `hypoallergenic' variant in its place. Further, the modification of the protein to remove
the allergenic epitopes may alter the protein's folding, that, in turn, may affect the protein's
intracellular targeting, stability and accumulation. All these possibilities will need to be test‐
ed for experimentally and, finally; the newly produced hypoallergenic variant will need to
be tested to ensure that it too is not a new allergen. For these reasons, substituting a hypoal‐
lergenic variant of a plant still has a high technological threshold and has yet to be achieved.
The alternative GM approach is to eliminate the allergen by suppression. There have been
several attempts to reduce and/or eliminate allergens using gene suppression technology.
Gene-silencing techniques involve transgenic soybeans with eliminated immunodominant
human allergen P34/Gly m Bd 30k. It involves complete elimination of the P34/Gly m Bd 30k
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allergen from the initial somatic embryos through the third generation homozygous soy‐
beans. Suppression of the allergen did not introduce any changes in the pattern of growth
and development of the plant or seed at both the gross and subcellular level. In order to
compare the P34-suppressed soybeans with the wild type, large-scale proteomic analysis
was performed. Imaging of the 2D gels identified over 1400 individual elements. Mass spec‐
trometry analysis of about 140 of these spots confirmed that the only overt changes in com‐
position in the transgenic soybeans was the suppression of the P34/Gly m Bd 30k protein
with no other proteins induced or suppressed [40]. Further analysis with sera samples from
soybean-sensitive people confirmed a loss of the P34 allergen and no induction of any new
allergens. The proteome and immunological analysis together confirms that it is feasible to
suppress an endogenous allergen without introducing adverse effects on the plant or chang‐
ing the composition of the soybean seed in any way other than the removal of the targeted
protein. This result meets the test of `substantial equivalence' where the GM soybean seed is
essentially identical except for the change in the single desired characteristic. Suppressing
P34/Gly m Bd 30k in GM soybeans is a first step and a demonstration in addressing the
growing concerns about food allergies and its relationship to the development of GM crops.
More detailed studies and approaches should provide the tests needed to gain regulatory
approval in nations that are currently cautious about this technology. Natarajan et al. [41]
have compared the profiles of allergen and anti-nutritional proteins both in wild and GM
soybean seeds. 2D-PAGE was used for the separation of proteins at two different pH ranges
and applied a combined MALDI-TOF-MS and LC-MS analysis for the identification of pro‐
teins. Although overall distribution patterns of the allergen and anti-nutritional proteins Gly
m Bd 60K (conglycinin), Gly m Bd 30K, Gly m Bd 28K, trypsin inhibitors, and lectin ap‐
peared similar, there was remarkable variation in the number and intensity of the protein
spots between wild and GM soybean. The wild soybean showed fifteen polypeptides of Gly
m Bd 60K and three polypeptides of trypsin inhibitors. GM soybean showed twelve poly‐
peptides of Gly m Bd 60K and two polypeptides of trypsin inhibitors. In contrast, the GM
soybean showed two polypeptides of Gly m Bd 30K and three polypeptides of lectin and the
wild type showed two and one polypeptides of Gly m Bd 30K and lectin, respectively. The
same number of Gly m Bd 28K spots was observed in both wild and GM soybean [41].

The fear of allergic reactions has produced much of the concern about the risks of GM crops.
In order to broadly apply genetic modification to crops, there is an urgent need for better
biochemical and molecular methods, including animal models, to test for food allergens ex‐
perimentally so that the supporting data can be provided to evaluate newly proposed and
actual GM products. In order to design transgenes, it would be useful to predict allergenici‐
ty but, currently, there are no models that would permit accurate assessment of allergenic
potential of proteins unrelated to known allergens. Liver represents a suitable model for
monitoring the effects of a diet, due to its key role in controlling the whole metabolism. Pre‐
vious studies on hepatocytes from young female mice fed on GM soybean demonstrated nu‐
clear modifications involving transcription and splicing pathways [42, 43]. The morpho-
functional characteristics of the liver of 24-month-old mice, fed from weaning on control or
GM soybean, were investigated by combining a proteomic approach with ultrastructural,
morphometrical and immunoelectron microscopical analyses. Several proteins belonging to
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allergens. The proteome and immunological analysis together confirms that it is feasible to
suppress an endogenous allergen without introducing adverse effects on the plant or chang‐
ing the composition of the soybean seed in any way other than the removal of the targeted
protein. This result meets the test of `substantial equivalence' where the GM soybean seed is
essentially identical except for the change in the single desired characteristic. Suppressing
P34/Gly m Bd 30k in GM soybeans is a first step and a demonstration in addressing the
growing concerns about food allergies and its relationship to the development of GM crops.
More detailed studies and approaches should provide the tests needed to gain regulatory
approval in nations that are currently cautious about this technology. Natarajan et al. [41]
have compared the profiles of allergen and anti-nutritional proteins both in wild and GM
soybean seeds. 2D-PAGE was used for the separation of proteins at two different pH ranges
and applied a combined MALDI-TOF-MS and LC-MS analysis for the identification of pro‐
teins. Although overall distribution patterns of the allergen and anti-nutritional proteins Gly
m Bd 60K (conglycinin), Gly m Bd 30K, Gly m Bd 28K, trypsin inhibitors, and lectin ap‐
peared similar, there was remarkable variation in the number and intensity of the protein
spots between wild and GM soybean. The wild soybean showed fifteen polypeptides of Gly
m Bd 60K and three polypeptides of trypsin inhibitors. GM soybean showed twelve poly‐
peptides of Gly m Bd 60K and two polypeptides of trypsin inhibitors. In contrast, the GM
soybean showed two polypeptides of Gly m Bd 30K and three polypeptides of lectin and the
wild type showed two and one polypeptides of Gly m Bd 30K and lectin, respectively. The
same number of Gly m Bd 28K spots was observed in both wild and GM soybean [41].

The fear of allergic reactions has produced much of the concern about the risks of GM crops.
In order to broadly apply genetic modification to crops, there is an urgent need for better
biochemical and molecular methods, including animal models, to test for food allergens ex‐
perimentally so that the supporting data can be provided to evaluate newly proposed and
actual GM products. In order to design transgenes, it would be useful to predict allergenici‐
ty but, currently, there are no models that would permit accurate assessment of allergenic
potential of proteins unrelated to known allergens. Liver represents a suitable model for
monitoring the effects of a diet, due to its key role in controlling the whole metabolism. Pre‐
vious studies on hepatocytes from young female mice fed on GM soybean demonstrated nu‐
clear modifications involving transcription and splicing pathways [42, 43]. The morpho-
functional characteristics of the liver of 24-month-old mice, fed from weaning on control or
GM soybean, were investigated by combining a proteomic approach with ultrastructural,
morphometrical and immunoelectron microscopical analyses. Several proteins belonging to
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hepatocyte metabolism, stress response, calcium signaling and mitochondria were differen‐
tially expressed in GM-fed mice, indicating a more marked expression of senescence mark‐
ers in comparison to controls. Moreover, hepatocytes of GM-fed mice showed mitochondrial
and nuclear modifications indicative of reduced metabolic rate. This study demonstrates
that GM soybean intake can influence some liver features, although the mechanisms remain
unknown. Therefore, it is required to investigate the long-term consequences of GM-diets,
further studies are required for potential synergistic effects with other factors like ageing,
stress etc.

5. Challenges and perspectives

Soybean is a species of great agronomic and economic interest. It is one of the most recalci‐
trant plant species to be used as experimental material in proteomic analysis. Furthermore,
there are several difficulties in the study of proteins (irrespective of source) with respect to
DNA and RNA. The foremost important thing is the maintenance of secondary and tertiary
structure during their analysis. They have problems with easy denaturation on exposure to
high temperature, extremes of pH, oxidation, specific chemicals etc. There are some classes
of proteins which are difficult to analyze due to their poor solubility. Proteins cannot be am‐
plified like DNA, therefore less abundant species are very difficult to detect. However,
many potentially important proteins (in scarce) are lost due to non-specific binding or the
co-removal of proteins/peptides intrinsically bound to the high abundant carrier proteins.
Following are two methods developed recently to resolve detection of less abundant plant
proteins [44]:

• The use of equalizer beads coupled with a combinational library of ligands containing di‐
verse population of beads with equivalent binding capacity to most of the proteins
present in a sample.

• The ultra-microarrays have been found to have high specificity and sensitivity with detec‐
tion levels in the range of attomole (10-18 mole).

The current depth of knowledge regarding the soybean proteome is significantly less than
that for some other plants. The soybean proteome map which is available in the database
(http://proteome.dc.affrc.go.jp/soybean/) corresponds to various types of stresses, allergenic‐
ity, and studies on natural product biosynthesis in soybean. The other challenges in plant
proteomics including soybean are standardization of methodologies, dissemination of pro‐
teomics data into publicly available databases and most importantly its cost expensiveness.
Furthermore, most proteomics technologies use complex instrumentation and critical com‐
puting power. Currently, there is no expertise available for functional interpretation of data
obtained from integration of proteomics with genomics and metabolomics.

The significance of proteomics over genomics and transcriptomics has been debated since
the field has emerged. The importance of the proteome cannot be overstated as it is the pro‐
teins within the cell that provide structure, produce energy, as well as allow communica‐
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tion, movement, and reproduction. Basically, proteins provide structural and functional
framework for cellular life. Genetic information is static while the protein complement of a
cell is dynamic. Differential proteomics is a scientific discipline that detects the proteins as‐
sociated with a diseased state (either due to abiotic or biotic stress, toxicity due to allergenic‐
ity, genetic modifications etc.) by means of their altered levels of expression between the
control and diseased states. Extensive research towards the development of a soybean pro‐
teome map would permit the rapid comparison of soybean cultivars, mutants, and transgen‐
ic lines. Moreover, studies of soybean physiology will also benefit from the existence of a
detailed and quantitative proteome reference map of the soybean plant. The information ob‐
tained from soybean proteomics will be helpful in predicting the function of plant proteins
and will aid in molecular cloning of the corresponding genes in the future. The identifica‐
tion of novel genes, the determination of their expression patterns in response to stress, and
an understanding of their functions in stress adaptation will provide us with the basis for
effective strategies for engineering improved stress tolerance in soybean. With the advance‐
ment of new technologies in proteomics combined with advanced bioinformatics, we are
currently identifying molecular signatures of diseases based on protein pathways and sig‐
naling cascades. Applying these findings will improve our understanding of the roles of in‐
dividual proteins or the entire cellular pathways in the initiation and development of
disease. The abundance of information provided by proteomics research is entirely comple‐
mentary with the genetic information being generated by genomics research. Proteomics
makes a key contribution to the development of functional genomics. The combination of
genomics and proteomics will play a major role in understanding molecular mechanisms in
plant pathology, and it will have a significant impact on the development of high yield vari‐
eties, with better resistance towards adverse environmental factors as well as various patho‐
genic diseases caused by bacteria, viruses and fungi in the future.
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1. Introduction

Soybean [Glycine max (L.) Merrill], grown for its edible seed protein and oil, is often called
the miracle crop because of its many uses. It belongs to the genus Glycine under the family
Leguminosae, and is widely cultivated in the tropics, subtropics and temperate zones of the
world [1].

Soybean is now an essential and dominant source of protein and oil with numerous uses in
feed, food and industrial applications. It is the world’s primary source of vegetable oil and
protein feed supplement for livestock. The global production of soybeans is 250-260 million
tons per year. The US is the largest producer with 90.6 million metric tons. Other major
countries such as Brazil, Argentina, China and India contributing 70, 49.5, 15.2 and 9.6 mil‐
lion metric tons, respectively [2]. The US, Brazil and Argentina are the major exporters of
beans; while China and Europe are the major importers. The annual world market value is
around 2 billion US dollars, which stands second in world food production.

Recent nutritional studies claim that consumption of soybean reduces cancer, blood serum
cholesterol, osteoporosis and heart diseases [3]. This has sparked increased demand for the
many edible soybean products. The priority for more meat in diets among the world’s popu‐
lation has also increased the demand for soybean protein for livestock and poultry feed.

Soybean seeds are comprised of 40% protein, mostly consisting of the globulins β-conglyci‐
nin (7S globulin) and glycinin (11S globulin). The oil portion of the seed is composed pri‐
marily of five fatty acids. Palmitic and stearic acids are saturated fatty acids and comprise
15% of the oil. Soybean is rich in the unsaturated fatty acids like oleic, linoleic and linolenic,
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which make up 85% of the oil. Soybeans are a good source of minerals, B vitamins, folic acid
and isoflavones, which are credited with slowing cancer development, heart diseases and
osteoporosis [4].

The productivity of soybean has been limited due to their susceptibility to pathogens and
pests, sensitivity to environmental stresses, poor pollination and low harvest index. Among
the abiotic stresses, drought is considered the most devastating, commonly reducing soy‐
bean yield by approximately 40% and affecting all stages of plant growth and development;
from germination to flowering, and seed filling and development as well as seed quality [5].
It suffers from many kinds of fungal diseases, such as frogeye leaf spot and brown spot [6].
As demand increases for soybean oil and protein, the improvement of soybean quality and
production through genetic transformation and functional genomics becomes an important
issue throughout the world [7].

The main objectives of soybean improvement include increase in yield, development of re‐
sistance to various insects, diseases and nutritional quality. Commercial breeding is still
very important for the genetic improvement of the crop. However, breeding is difficult due
to the fact that the soybean is a self pollinating crop, and the genetic base of modern soybean
cultivars is quite narrow [8]. Most of the current soybean genotypes have been derived from
common ancestors; therefore, conventional breeding strategies are limited in capability to
expand the soybean genetic base. Recent advances in in vitro culture and gene technologies
have provided unique opportunities for the improvement of plants, which are otherwise dif‐
ficult through conventional breeding. The technology of plant transformation is only moder‐
ately or marginally successful in many important cultivars of crops, which can be a major
limiting factor for the biotechnological exploitation of economically important plant species
and the wider application of genomics.

Although numerous methods have been developed for introducing genes into plant ge‐
nomes, the transformation efficiency for soybean still remains low [9]. Since the first success‐
ful transformation of soybean was reported [10], two major methods have been used in
soybean transformation: one is particle bombardment of embryogenic tissue and another is
Agrobacterium tumefaciens-mediated transformation of the cotyledonary node. Both methods
have limitations: the former is highly genotype-dependent, requires a prolonged tissue cul‐
ture period and tends to produce multiple insertion events, while the latter is labour inten‐
sive and requires specially trained personnel to undertake the work [9]

For soybean in vitro regeneration, two principal methods have been identified: somatic em‐
bryogenesis and shoot morphogenesis. Each of these systems presents both advantages and
disadvantages for production of transformed plants, and each can be used with both of the
predominant transformation systems [11]. A better understanding of physiology and molecu‐
lar biology of in vitro morphogenesis needs focal attention to reveal their recalcitrant nature.

The present review gives an overview on the problems associated with low transformation
efficiency, and the research conducted to improve tissue culture and transformation efficien‐
cy of soybean during the past (Table 1&2) and also discuss the future prospects, demands of
these technologies and upcoming new technologies in soybean improvement.
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bean yield by approximately 40% and affecting all stages of plant growth and development;
from germination to flowering, and seed filling and development as well as seed quality [5].
It suffers from many kinds of fungal diseases, such as frogeye leaf spot and brown spot [6].
As demand increases for soybean oil and protein, the improvement of soybean quality and
production through genetic transformation and functional genomics becomes an important
issue throughout the world [7].

The main objectives of soybean improvement include increase in yield, development of re‐
sistance to various insects, diseases and nutritional quality. Commercial breeding is still
very important for the genetic improvement of the crop. However, breeding is difficult due
to the fact that the soybean is a self pollinating crop, and the genetic base of modern soybean
cultivars is quite narrow [8]. Most of the current soybean genotypes have been derived from
common ancestors; therefore, conventional breeding strategies are limited in capability to
expand the soybean genetic base. Recent advances in in vitro culture and gene technologies
have provided unique opportunities for the improvement of plants, which are otherwise dif‐
ficult through conventional breeding. The technology of plant transformation is only moder‐
ately or marginally successful in many important cultivars of crops, which can be a major
limiting factor for the biotechnological exploitation of economically important plant species
and the wider application of genomics.

Although numerous methods have been developed for introducing genes into plant ge‐
nomes, the transformation efficiency for soybean still remains low [9]. Since the first success‐
ful transformation of soybean was reported [10], two major methods have been used in
soybean transformation: one is particle bombardment of embryogenic tissue and another is
Agrobacterium tumefaciens-mediated transformation of the cotyledonary node. Both methods
have limitations: the former is highly genotype-dependent, requires a prolonged tissue cul‐
ture period and tends to produce multiple insertion events, while the latter is labour inten‐
sive and requires specially trained personnel to undertake the work [9]

For soybean in vitro regeneration, two principal methods have been identified: somatic em‐
bryogenesis and shoot morphogenesis. Each of these systems presents both advantages and
disadvantages for production of transformed plants, and each can be used with both of the
predominant transformation systems [11]. A better understanding of physiology and molecu‐
lar biology of in vitro morphogenesis needs focal attention to reveal their recalcitrant nature.

The present review gives an overview on the problems associated with low transformation
efficiency, and the research conducted to improve tissue culture and transformation efficien‐
cy of soybean during the past (Table 1&2) and also discuss the future prospects, demands of
these technologies and upcoming new technologies in soybean improvement.
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Year Explant tissue Major contribution Reference

1973 Hypocotyl Adventitious bud development Kimball and Bingham, [13]

1980 Cotyledonary node Shoot morphogenesis Cheng et al. [14]

1986 Immature embryo Plant regeneration from callus Barwale et al. [18]

1986 Cotyledonary node Multiple shoot formation Barwale et al. [19]

1986 Cotyledonary node Multiple shoot formation Wright et al. [20]

1987 Epicotyl Callus induction and shoot regeneration Wright et al. [29]

1988 Cotyledonary node Transfered npt II and gus gene by Agrobacterium

mediated transformation

Hinchee et al. [10]

1988 Immature seeds Developed transgenic soybean by Particle

bombardment

McCabe et al. [25]

1989 Germinating seeds Transfered npt II gene by Agrobacterium mediated

transformation

Chee et al. [45]

1989 Immature seed Particle bombardment of meristems Christou et al. [62]

1990 Immature cotyledon Plant regeneration from protoplast Luo et al. [127]

1990 Cotyledon, cotyledonary

node

Evaluated Agrobacterium sensitivity and

adventitious shoot formation

Delzer et al. [44]

1990 Immature cotyledon,

plumule, cotyledonary

node

Analysed plant regeneration efficiency of various

explants

Yang et al. [32]

1990 Immature embryo Organogenesis and plant regeneration Yeh,[128]

1990 Primary leaf node Adventitious shoot formation Kim et al. [27]

1991 Immature cotyledon Plant regeneration from protoplast Dhir et al. [129]

1992 Epicotyl and hypocotyl Investigated the stimulative effect of allantoin and

amides on shoot regeneration

Shetty, et al. [21]

1993 Shoot tip Transfered gus gene via particle bombardment Sato et al. [130]

1994 Primary leaf node Investigated the synergistic effect of proline and

micronutrients on shoot regeneration

Kim et al. [40]

1996 Cotyledonary node Developed transgenic soybean resistance to bean

pod mottle virus (BPMV)

Di et al. [131]

1997 Cotyledonary node and

hypocotyl

Multiple shoot induction by TDZ Kaneda et al. [22]

1998 Cotyledonary node Evaluation of sonication assisted Agrobacterium

mediated

transformation (SAAT) for cotyledonary node

Meurer et al. [50]

1998 Hypocotyl Adventitious shoot regeneration Dan and Reichert, [33]
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Year Explant tissue Major contribution Reference

1999 Cotyledonary node Assessed the use of glufosinate as a selective agent

in Agrobacterium-mediated transformation of

soybean

Zhang et al. [61]

2000 Cotyledonary node Agrobacterium two T-DNA binary system as a

strategy to derive marker free transgenic soybean

Xing et al. [132]

2000 Cotyledonary node Evaluated the effect of glyphosate as a selective

agent for Agrobacterium mediated cotyledonary

node transformation system

Clemente et al. [60]

2000 Embryonic axes Used of Imazapyr as selection agent for selection of

meristematic soybean cells

Aragao et al. [47]

2001 Cotyledonary node Investigated the use of thiol compound to increase

transformation frequency

Olhoft et al. [56]

2001 Cotyledonary node Increased Agrobacterium infection using L-cystine Olhoft and Somers, [16]

2001 Cotyledonary node Developed transgenic soybean plants resistant to

soybean mosaic virus (SMV)

Wang et al. [133]

2001 Cotyledonary node Expressed oxalate oxidase gene for resistant to

sclerotinia stem rot caused by Sclerotinia

sclerotiorum

Donaldson et al. [65]

2003 Hypocotyl Screened soybean genotype for adventitious

organogenic regeneration

Reichert et al. [41]

2003 Cotyledonary node Assessed the effect of genotype, plant growth

regulators and sugars on regeneration from calli

Sairam et al. [1]

2003 Cotyledonary node Used mixture of thiol compounds and hygromycin

based selection for increased transformation

efficiency

Olhoft et al. [57]

2004 Cotyledonary node Assessed glufosinate selection for increased

transformation efficiency

Zeng et al. [134]

2004 Cotyledonary node Investigated the effect of seed vigor of explant

source, selection agent and antioxidant on

Agrobacterium mediated transformation efficiency

Paz et al. [15]

2004 Cotyledonary node Transferred chitinase gene and the barley ribosome-

inactivating protein gene to enhance fungal

resistance

Li et al. [6]

2004 Mature and immature

cotyledon

Shoot regeneration Franklin et al. [31]

2004 Embryonic tip Established regeneration and Agrobacterium

mediated transformation system

Liu et al. [35]
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2004 Cotyledonary node Established liquid medium based system for

selection transformed plants

Yun, [58]

2005 Cotyledonary node Developed repetitive organogenesis system Shan et al. [23]

2005 Cotyledonary node Expressed Escherichia coli K99 fimbriae

subunit antigen in soybean to use as edible vaccine

Piller et al. [66]

2006 Cotyledonary node Agrobacterium mediated transformation efficiency

was improved by using half seed explant from

mature seed

Paz et al. [24]

2007 Cotyledonary node Investigated Agrobacterium rhizogen to transform

soybean cotyledonary node cells.

Olhoft et al. [59]

2007 Cotyledonary node Expressed synthetic Bacillus thuringiensis cry1A

gene that confers a high degree of resistance to

Lepidopteran Pests

Miklos et al. [135]

2007 Cotyledonary node and leaf

node

Established organogenic callus induction and

Agrobacterium mediated transformation

Hong et al ., [43]

2007 Half seed Expressed jasmonic acid carboxyl methyltransferase

in soybean to produce methyl jasmonate, which

resulted in tolerant to water stress

Xue et al. [67]

2008 Hypocotyl Used silver nitrate to enhance adventitious shoot

regeneration after Agrobacterium transformation

and developed transgenic soybean producing high

oleic acid content by silencing endogenous

GmFAD2-1 gene by RNAi

Wang and Xu, [7]

2008 Cotyledonary node Improved transformation efficiency using surfactant

Silwet L-77 during Agrobacterium infection and L-

cysteine during co-cultivation

Liu et al. [136]

2008 Cotyledonary node Developed rapid regeneration system using whole

cotyledonary node

Ma and Wu, [2008]

2010 Cotyledonary node Production of isoflavone in callus cell lines by

expression of isoflavone synthase gene.

Jiang et al. [69]

2010 Cotyledon and embryo Developed shoot regeneration from calli of soybean

cv.Pyramid

Joyner et al. [39]

2011 Hypocotyl Transgenic soybean with low phytate content Yang et al. [70]

2011 Cotyledon Developed transgenic soybean with increased

Vitamin E content by transferring γ-tocopherol

methyltransferase (γ-TMT) gene in to seedling

cotyledon

Lee et al. [137]

Table 1. Major landmarks in soybean organogenesis and transformation
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Explant Tissue Year Major Contribution Reference

Embryonic axes 1983 Embryoids development and plant regeneration

via suspension culture

Christianson et al.[77]

Immature cotyledon 1984 Somatic embryo Induction Lippmann & Lippmann, [84]

Immature cotyledon 1985 Plant regeneration via somatic embryogenesis Lazzeri et al. [138]

Immature embryo 1985 Somatic embryogenesis and assessment of

genotypic variation

Ranch et al. [139]

Immature embryo,

cotyledon and, hypocotyl

from germinating seedling

1986 Somatic embryogenesis from callus Ghazi et al. [140]

Hypocotyl and cotyledon 1986 Embryoids development in suspension culture Kerns et al. [141]

Immature embryo and

cotyledon

1987 Investigated the effect of nutritional, physical, and

chemical factors on somatic embryogenesis

Lazzeri et al. [85]

Immature cotyledon 1988 Investigated the effect of auxin and orientation of

explant on somatic embryogenesis

Hartweck et al. [142]

Immature cotyledon 1988 Analysed genotype dependency and High

concentration of auxin on somatic embryo

induction

Komatsuda and Ohyama,

[143]

Immature cotyledon 1988 Investigated the interaction between auxin and

sucrose during somatic embryogenesis

Lazzeri et al. [86]

Immature cotyledon 1988 Germination frequency of somatic embryo has

been improved by reducing the exposure to auxin

Parrott et al. [87]

Immature cotyledon 1988 Developed rapid growing maintainable

embryogenic suspension culture

Finer and Nagasawa, [82]

Immature cotyledon 1988 Histological analysis to investigate secondary

somatic embryo formation.

Finer, [79]

Immature cotyledon 1989 Demonstrated the effect of genotype on

embryogenesis

Parrott et al. [144]

Immature cotyledon 1989 Developed primary transformants expressing zein

gene by agrobacterium mediated transformation

Parrott et al. [105]

Immature cotyledon 1989 Assayed somatic embryo maturation for

conversion into plantlets

Buchheim et al. [94]

Immature cotyledon 1989 Investigated the developmental aspects of somatic

embryogenesis

Christou and Yang, [145]

Immature cotyledon 1990 Screened soybean genotypes for somatic embryo

production

Komatsuda et al. [146]

Immature cotyledon 1991 Transformed embryogenic cultures with gus and

hpt gene via particle bombardment

Finer and McMullen., [64]
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Immature cotyledon 1991 Analysed the interaction between genotype and

sucrose concentration on somatic embryogenesis

Komatsuda et al. [147]

Immature cotyledon 1991 Demonstrated adventitious shoot formation from

cotyledonary and torpedo stage embryo

Wright et al. [148]

Immature cotyledon 1992 Somatic embryo proliferation by somatic embryo

cycling.

Liu et al. [83]

Immature cotyledon 1993 Improved germination efficiency of somatic

embryos of cultivar H7190 by desiccation

Bailey et al. [101]

Immature cotyledon 1993 Demonstrated genotypic effect on induction,

proliferation, maturation and germination of

somatic embryo

Bailey et al. [96]

Immature cotyledon 1993 Investigated the factors affecting somatic

embryogenesis

Lippmann & Lippmann,

[149]

Immature cotyledon 1993 Soybean transformation by particle bombardment

of embryogenic cultures

Sato et al. [130]

Immature cotyledon 1994 Developed transgenic soybean resistance to insect. Parrott et al. [150]

Immature embryos 1995 Investigated the effect of glutamine and sucrose

on dry matter accumulation and composition of

somatic embryo.

Saravitz and Raper, [151]

Immature cotyledon 1996 Demonstrated the significance of embryo cycling

for transformation

Liu et al.[152]

Immature cotyledon 1996 Transformed embryogenic cultures with 12

different plansmid via particle bombardment

Hadi et al. [115]

Immature cotyledon 1996 Developed transgenic soybean expressing a

synthetic Bacillus thuringiensis insecticidal crystal

protein gene (BtcrylAc) which is resistance to

insects

Stewart et al. [46]

Immature cotyledon 1997 Investigated the effect of ethylene inhibitors on

embryo histodifferentiation and maturation

Santos et al. [92]

Epicotyls and primary

leaves

1997 Somatic embryogenesis and plant regeneration

from cotyledon, epicotyls and primary leaves

Rajasekaran and Pello, [153]

Immature cotyledon 1997 Studied the effect of explant orientiation, pH,

solidifying agent and wounding on induction of

soybean from immature cotyledons

Santarém et al. [81]

Immature cotyledon 1998 Studied growth characteristics of embryogenic

cultures for transformability

Hazal et al. [113]
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Immature cotyledon 1998 Established sonication-assisted Agrobacterium

mediated transformation of soybean immature

cotyledon

Santarem et al.[48]

Immature cotyledon 1998 Established sonication-assisted Agrobacterium

mediated transformation of embryogenic

suspension culture tissue

Trick and Finer, [108]

Immature cotyledon 1998 Improved proliferation efficiency of embryogenic

cultures by modifying sucrose and nitrogen

content in medium

Samoylov et al. [89]

Immature cotyledon 1998 Developed liquid medium based system for

histodifferentiation of embryogenic cultures

Samoylov et al. [154]

Immature cotyledon 1998 Studied soluble carbohydrate content in soybean

somatic and zygotic embryo during development.

Chanprame et al. [155]

Immature cotyledon 1999 Studied the factors influencing transformation of

prolific embryogenic cultures using bombardment

Santarem and Finer, [116]

Immature cotyledons 1999 Developed transgenic plants with bovine milk

protein, β-casein

Maughan et al. [114]

Immature cotyledons 1999 Transformed GFP into embryogenic suspension

culture with the aim to improve transformation

and regeneration strategy

Ponappa et al. [156]

Immature cotyledons 2000 Improved somatic embryo development and

maturation by application of ABA

Tian and Brown, [157]

Immature cotyledon 2000 Screened genotypes for proliferative

embryogenesis

Simmonds and Donaldson,

[97]

Immature cotyledons 2000 Studied physical factors influencing somatic

embryo development from immature cotyledons.

Bonacin et al. [99]

Immature cotyledon 2000 Investigated the factors affecting Agrobacterium

mediated transformation soybean

Yan et al. [109]

Immature cotyledon 1989 Investigated maturation of somatic embryo for

efficient conversion into plantlets

Buchheim et al. [94]

Immature cotyledon 2000 Developed and evaluated transgenic soybean

expressing a synthetic cry1Ac gene from Bacillus

thuringiensis for resistance to variety of insects

Walker et al. [158]

Immature cotyledon 2001 Effect of polyethylene glycol and sugar alcohols on

soybean somatic embryo germination and

conversion

Walker and Parrott, [90]

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

420



Explant Tissue Year Major Contribution Reference

Immature cotyledon 1998 Established sonication-assisted Agrobacterium

mediated transformation of soybean immature

cotyledon

Santarem et al.[48]

Immature cotyledon 1998 Established sonication-assisted Agrobacterium

mediated transformation of embryogenic

suspension culture tissue

Trick and Finer, [108]

Immature cotyledon 1998 Improved proliferation efficiency of embryogenic

cultures by modifying sucrose and nitrogen

content in medium

Samoylov et al. [89]

Immature cotyledon 1998 Developed liquid medium based system for

histodifferentiation of embryogenic cultures

Samoylov et al. [154]

Immature cotyledon 1998 Studied soluble carbohydrate content in soybean

somatic and zygotic embryo during development.

Chanprame et al. [155]

Immature cotyledon 1999 Studied the factors influencing transformation of

prolific embryogenic cultures using bombardment

Santarem and Finer, [116]

Immature cotyledons 1999 Developed transgenic plants with bovine milk

protein, β-casein

Maughan et al. [114]

Immature cotyledons 1999 Transformed GFP into embryogenic suspension

culture with the aim to improve transformation

and regeneration strategy

Ponappa et al. [156]

Immature cotyledons 2000 Improved somatic embryo development and

maturation by application of ABA

Tian and Brown, [157]

Immature cotyledon 2000 Screened genotypes for proliferative

embryogenesis

Simmonds and Donaldson,

[97]

Immature cotyledons 2000 Studied physical factors influencing somatic

embryo development from immature cotyledons.

Bonacin et al. [99]

Immature cotyledon 2000 Investigated the factors affecting Agrobacterium

mediated transformation soybean

Yan et al. [109]

Immature cotyledon 1989 Investigated maturation of somatic embryo for

efficient conversion into plantlets

Buchheim et al. [94]

Immature cotyledon 2000 Developed and evaluated transgenic soybean

expressing a synthetic cry1Ac gene from Bacillus

thuringiensis for resistance to variety of insects

Walker et al. [158]

Immature cotyledon 2001 Effect of polyethylene glycol and sugar alcohols on

soybean somatic embryo germination and

conversion

Walker and Parrott, [90]

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

420

Explant Tissue Year Major Contribution Reference

Immature cotyledon 2000 Developed integrated bombardment and

Agrobacterium transformation method

Droste et al.[159]

Immature cotyledon 2001 Screened soybean from different location in the US

for uniform embryogenic response

Meurer et al. [103]

Immature cotyledon 2001 Studied the effect of osmotica for their influence

on embryo maturation and germination

Walker & Parrott, [90]

Immature cotyledon 2001 Developed transgenic plant expressing 15-kD zein

protein under β-phaseolin seed specific promoter

Dinkins et al. [125]

Immature cotyledon 2001 Somatic embryogenesis in Brazilian soybean

cultivars

Droste et al. [160]

Immature cotyledon 2002 Somatic embryogenesis and particle

bombardment for south Brazil cultivars

Droste et al. [100]

Immature cotyledon 2002 Histological analysis of developmental stages of

somatic embryogenesis

Fernando et al. [161]

Immature cotyledon 2002 Screened soybean genotypes for somatic embryo

induction and maturation capability

Tomlin, [162]

Immature cotyledon 2003 Investigated the effect of proliferation, maturation

and desiccation on somatic embryo conversion

Moon and Hildebrand, [88]

Immature cotyledon 2004 Improved transformation efficiently using

Agrobacterium strain KYRT1 carrying pKYRTI

Ko et al. [111]

Immature cotyledon 2004 Developed transgenic plant containing phytase

gene that store (produces) more phosphrous in

seed.

Chiera et al. [163]

Immature cotyledon 2004 Developed fertile transplastomic soybean Dufourmantel et al.[117]

Immature cotyledon 2004 Transferred chi and rip gene to enhance fungal

resistance

Li et al. [6]

Immature cotyledon 2004 Improved transformation efficiency using

Agrobacterium strain KYRT1

Ko and Korban, [80]

Immature cotyledon 2004 Analysed media components and pH on somatic

embryo induction

Hoffmann et al. [80]

Immature cotyledon 2005 Developed transgenic soybean expressing maize γ-

zein protein

Li et al. [124]

Immature cotyledon 2005 Modified soybean histodifferentiation and

msaturation medium with the aim to improve the

protein and lipid composition of somatic embryo

Schmidt et al. [164]

Immature cotyledon 2005 Analysed the effect of carbon source and

polyethylene glycol on embryo conversion

Korbes et al. [91]
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Immature cotyledon 2006 Improved fatty acid content Chen et al. [119]

Immature cotyledon 2006 Investigated the ontogeny of somatic

embryogenesis

Santos et al. [165]

Somatic embryo 2006 Developed transgenic soybean resistance to dwarf

virus

Tougou et al. [120]

Immature cotyledon 2006 Investigated the influence of antibiotics on

embryogenic cultures and Agrobacterium

tumefaciens suppression in soybean

transformation

Wiebke et al. [166]

Immature cotyledon 2006 Developed transgenic soybean for increased

production of ononitol and pinitol

Chiera et al. [167]

Immature cotyledon 2007 Developed transgenic soybean resistant to dwarf

virus

Tougou et al. [168]

Immature cotyledon 2007 Improved somatic embryogenesis in recalcitrant

cultivars by back cross with a highly regenerable

cultivar Jack

Kita et al. [104]

Immature cotyledon 2007 Evaluated Japanese soybean genotypes for

somatic embryogenesis

Hiraga et al. [102]

Immature cotyledon 2007 Soybean seed over expressing the Perilla frutescens

γ -tocopherol methyltransferase gene

Tavva et al. [123]

Immature cotyledon 2007 Improved protein quality in transgenic soybean

transformed with modified Gy1 proglycinin gene

with a synthetic DNA encoding four continuous

methionines.

EI-Shemy et al. [169]

Immature cotyledon 2007 Analysed the effect of Abscisic acid on somatic

embryo maturation and conversion.

Weber et al. [170]

Immature cotyledon 2007 Developed transgenic soybean resistance to

soybean mosaic virus

Furutani et al. [121]

Immature cotyledon 2008 Used a new Selectable Marker Gene Conferring

resistance to Dinitroanilines

Yemets et al. [171]

Immature cotyledon 2008 Developed strategy for transfer of multiple genes

via micro projectile-mediated bombardment

Schmidt et al. [172]

Immature cotyledon 2009 Assessed the effect mannitol, abscisic acid and

explant age on somatic embryogenesis in Chinese

soybean cultivars

Yang et al. [98]

Somatic embryo 2009 Developed transgenic soybean with increased oil

content

Rao and Hildebrand, [118]
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Explant Tissue Year Major Contribution Reference
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methionines.
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explant age on somatic embryogenesis in Chinese

soybean cultivars

Yang et al. [98]

Somatic embryo 2009 Developed transgenic soybean with increased oil

content

Rao and Hildebrand, [118]
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Explant Tissue Year Major Contribution Reference

Embryonic tip 2010 somatic embryogenesis and plant regeneration

from the immature embryonic shoot tip

Loganathan et al. [173]

Immature cotyledon 2010 Developed transgenic soybean with more

tryptophan content in seed

Ishimoto et al. [122]

Immature cotyledon 2010 Screening of Brazilian soybean genotypes for

embryogenesis

Droste et al. [174]

Immature cotyledon 2011 Demonstrated Metabolic engineering of soybean

seed coat for the production of novel biochemicals

Schnell et al. [126]

Immature cotyledon 2011 Investigated developmental profile of storage

reserve accumulation in soybean somatic embryos

He et al. [175]

Immature cotyledon 2011 Improved transformation efficiency by Micro

wounding with DNA free particle bombardment

followed by Agrobacterium mediated

transformation.

Wiebke et al. [112]

Immature cotyledon 2012 Developed vacuum infiltration assisted

Agrobacterium mediated transformation for

Indian soybean cultivars.

Mariashibu et al. [176]

Table 2. Major landmarks in soybean somatic embryogenesis and transformation

2. Organogenesis and transformation

Organogenesis is characterized by the production of a unipolar bud primordium with sub‐
sequent development of the primordium into a leafy vegetative shoot. A successful plant re‐
generation protocol requires appropriate choice of explant, definite media formulations,
specific growth regulators, genotype, source of carbohydrate, gelling agent, other physical
factors including light regime, temperature, humidity and other factors [12]. Plant regenera‐
tion by organogenesis in soybean was first reported by Kimball and Bingham, [13] from hy‐
pocotyl sections followed by Cheng et al.[14] by culturing seedling cotyledonary node
segments. Transfer of T-DNA into cotyledonary node cells by Agrobacterium mediated trans‐
formation was first reported by Hinchee et al. [10]. Advancement in soybean transformation
appears to be slow compared to some of the recent improvement in cereal transformation
(Paz et al. 2004). Olhoft et al. [16] stated that the efficiency of soybean transformation has to
be improved 5-10 times before one person can produce 300 transgenic lines per year. Soy‐
bean transformation efficiency has been improved by optimizing the selection system, en‐
hancing explant-pathogen interaction and improving culture conditions to promote
regeneration and recovery of transformed plants.
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2.1. Organogenesis

The successful application of biotechnology in crop improvement is based on efficient plant
regeneration protocol. Soybean has been considered as recalcitrant to regenerate in vitro. Tis‐
sue culture responses are greatly influenced by three main factors viz. whole plant physiolo‐
gy of donor, in vitro manipulation, and in vitro stress physiology [17]. After the first report of
adventitious bud regeneration from hypocotyl sections by Kimball and Bingham, [13] re‐
searchers have used different parts of the soybean plant as explants for successful shoot mor‐
phogenesis in soybean. These include cotyledonary node [10,14,18-24], shoot meristems [25],
stem-node [26,27] epicotyls [28], primary leaf [29], cotyledons [30,31], plumules (32), hypoco‐
tyls [22,33,34], and embryo axes [25,35]. Plant regeneration via organogenesis from cotyledo‐
nary node was found to be the most convenient and faster approach in soybean. However,
much improvement is needed for the cotyledonary node regeneration system. This limitation
is mainly due to low frequency of shoot regeneration, long regeneration period and explant
growth difficulties, which prevent the plant from being regeneration-competent[36].

The nutritional requirement for optimal shoot bud induction from different explants has
been reported to vary with mode of regeneration. Media compositions have a key role in
shoot morphogenesis, the basal medium MS [37] is most commonly used for soybean orga‐
nogenesis and the medium B5 [38] are useful in some approaches. Benzylaminopurine (BA)
has been the most commonly used plant growth regulator either alone or in combination
with a low concentration of cytokinins, kinetin or thidiazuron (TDZ) [22, 39]. TDZ was re‐
ported to induce multiple bud tissue (MBT) from cotyledonary node axillary meristem
which then gives shoots in the presence of BA [23]. The efficiency of shoot bud formation
were enhanced by supplementing media with proline, increased level of MS micro nutrients
[40], and ureide in the form of allantoin and amides [21].

Adventitious shoot regeneration from cotyledonary node or leaf node is based on prolifera‐
tion of meristems. Use of pre-existing shoot meristems in transformation procedures can in‐
crease the chance of chimerism, so identifying tissues that can produce shoots in the absence
of such pre-formed organs would be important [41]. Adventitious soybean shoots have been
induced from hypocotyls [13]; cotyledons [18, 20], primary leaves [29] and epicotyls [28].
Hypocotyls of seedlings have been used as explants for adventitious shoot regeneration by
Kaneda et al. [22]. Explants cultured on media supplemented with TDZ induced adventi‐
tious shoots more efficiently than BA. Histological analysis of adventitious shoot regenera‐
tion from the hypocotyl shows shoot primordias, formed from parenchymatous tissues of
central pith and plumular trace regions [33]. Hypocotyls of seedlings have seldom been
used as explants, even though the shoot regeneration frequency from hypocotyl segments
was found to be higher than from cotyledons [22]. Franklin et al. [31] investigated the factors
affecting adventitious shoot regeneration from the proximal end of mature and immature
cotyledons. The presence of BAP and TDZ in the medium exerted a synergistic effect, in that
regeneration efficiency was higher than for either cytokinin alone.

Indirect organogenesis is important as an alternative source of genetic variation in order to
recover somaclones with interesting agronomic traits. Callus regeneration is advantageous
over direct regeneration for transformation since effective selection of transgenic cells can be
achieved [1]. However, the efforts made to regenerate plants from callus have yielded poor
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results since plants could not be regenerated from any type of soybean callus [42]. Yang et
al. [32] compared different explants excised from immature and germinated seeds for callus
mediated organogenic regeneration, although induction of organogenic callus was easily
achieved by culture of immature cotyledons, development of adventitious buds from these
calluses and the subsequent growth of these buds to shoots were inefficient, suggesting that
only part of the callus was competent for regeneration. Sairam et al. [1] developed a rapid
and efficient protocol for regeneration of genotype-independent cotyledonary nodal callus
for cultivars Williams 82, Loda and Newton through manipulation of plant growth regula‐
tors and carbohydrates in the medium. Hong et al. [43] reported organogenic callus induc‐
tion from cotyledonary node and leaf node explants in media supplemented with TDZ and
BA, the system has been successfully utilized for Agrobacterium-mediated transformation

2.2. Genotype

Among the different factors affecting soybean regeneration, the genotypic dependence is
ranked quite high. Since there is strong genotype specificity for regeneration of different
soybean genotypes, a major limiting factor, it is pivotal to formulate genotype specific re‐
generation protocols. Genotype specificity for regeneration in soybean is well documented,
although organogenesis is less genotype dependent and has become routine in several labo‐
ratories [18,20,28,29&33]. Reichert et al. [41] tested organogenic adventitious regeneration
from hypocotyl explants excised from 18 genotypes. Plant formation from hypocotyl ex‐
plants showed that all genotypes were capable of producing elongated shoots that could be
successfully rooted. This study confirmed the genotype independent nature of this organo‐
genic regeneration from the hypocotyl explant. Sairam et al. [1] developed an efficient geno‐
type independent cotyledonary nodal callus mediated regeneration protocol for soybean
cultivars Williams 82, Loda and Newton developed through manipulation of plant growth
regulators and carbon source. Callus induction and subsequent shoot bud differentiation
were achieved from the proximal end of cotyledonary explants on modified MS [37] media
containing 2,4-dichlorophenoxyacetic acid (2,4-D) and benzyladenine (BA), respectively.
Sorbitol was found to be the best for callus induction and maltose for plant regeneration.
The genotypic dependence of regeneration from cotyledon explants could be reduced by the
use of combinations of cytokinins (Franklin et al. [31]). Though there was no significant dif‐
ference in shoot bud formation among different genotypes, but there was significant differ‐
ence in conversion of the number of regenerated plants in each cultivar (Delzer et al. [44]).

2.3. Agrobacterium mediated transformation

Agrobacterium-mediated transformation of soybean was first demonstrated by Hinchee et al.
[10] through delivering, T-DNA into cells in the axillary meristems of the cotyledonary-
node. After that scientists have attempted to introduce a lot of genes using Agrobacterium
[25, 45-47]. The cotyledonary-node method is a frequently used soybean transformation sys‐
tem based on Agrobacterium-mediated T-DNA delivery into regenerable cells in the axillary
meristems of the cotyledonary-node [16]. The efficiency of this transformation system re‐
mains low, apparently because of infrequent T-DNA delivery to cells in the cotyledonary-
node axillary meristem, inefficient selection of transgenic cells that give rise to shoot
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meristems, and low rates of transgenic shoot regeneration and plant establishment. The de‐
velopment of an effective Agrobacterium transformation method for soybean depends on
several factors including plant genotype, explant vigor, Agrobacterium strain, vector, selec‐
tion system, and culture conditions [48, 49]. Increased soybean transformation efficiency,
may be achieved by further optimizing the selection system, enhancing explant-pathogen
interaction and improving culture conditions to promote regeneration and recovery of trans‐
formed plants. It has been reported that soybean genotype contributed to variation in sus‐
ceptibility to Agrobacterium and regenerability in tissue culture [50, 51]. In addition, surface
sterilization of plant tissue material for in vitro tissue culture and transformation is one of
the critical steps in carrying out transformation experiments. While a short time of steriliza‐
tion cannot completely decontaminate explants, prolonged sterilization may cause damage
to explants and consequently affect their regenerability [52]. Antioxidant reagents such as
cysteine, dithiothreitol, ascorbic acid and polyvinyl pyrrolidone have been used in plant
transformation optimization to enhance either tissue culture response or transformation effi‐
ciency [53-55]. Recently, high transformation efficiency has also been reported in soybean by
adding cysteine and thiol compounds to the cocultivation media [16, 56,57]. Liu et al. [35]
established Agrobacterium mediated transformation using shoot tip explants of Chinese soy‐
bean cultivars. It had the advantage over the cotyledonary node by having no necrosis after
infection, and showed more transient gus expression as embryonic tips are more sensitive to
Agrobacterium because they contain promeristems and procambium. Yun, [58] established
liquid medium to select transformed plants from the cotyledonary node. Liquid selection
has proven to be more efficient than solid selection due to the direct contact of the explants
with the medium and the selection agent in the medium. Olhoft et al. [59] transformed soy‐
bean cotyledonary nodes using Agrobacterium rhizogens strain SHA17 for the first time. The
transformation efficiency was as high as 3.5 fold when compared with Agrobacterium tumefa‐
ciens strain AGL1. Clemente et al. [60] successfully used and evaluated the effect of glypho‐
sate as a selective agent within the Agrobacterium mediated cotyledonary transformation
system. Imazapyr is a herbicidal molecule that inhibits the enzymatic activity of acetohy‐
droxyacid synthase, which catalyses the initial step in the biosynthesis of isoleucine, leucine
and valine. Aragao et al. [47] used Imazapyr as a selection agent for selection of meristemat‐
ic soybean cells transformed with the ahas gene from Arabidopsis. The bar gene encodes for
phosphinothricin acetyltransferase (PAT) which detoxifies glufosinate, the active ingredient
in the herbicide. Zhang et al. [61] successfully used glyphosate to select transformed cells af‐
ter Agrobacterium transformation of cotyledonary node cells.

2.4. Particle bombardment

Even though particle bombardment is a widely used technique for transforming soybean
embryogenic cultures, it was rarely explored for shoot morphogenesis. McCabe et al. [25]
was the first to report particle bombardment mediated transformation in soybean. Trans‐
forming meristems of soybean bu DNA coated gold particles followed by shoot regenera‐
tion in the presence of cytokinin, resulting in the development of chimeras. In subsequent
studies, non-chimeric plants were obtained through the use of screening methods for the se‐
lection of plants that contained transgenic germ-line cells [32,62&63]. Shoot apex transfor‐
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mation is labour intensive because the meristematic tissue is diffcult to target and, without
selection, a large number of plants must be regenerated and analysed [64].

2.5. Genes for trait improvement

Soybean has been improved by Agrobacterium mediated transformation followed by shoot
regeneration. Wheat germin gene (gf-2.8) encoding an oligomeric protein and oxalate oxi‐
dase (oxo) genes were introduced into soybean to improve resistance to the oxalate-secret‐
ing  pathogen  Sclerotina  sclerotiorum  [65].  Li  et  al.[6]  successfully  utilized  Agrobacterium-
mediated  transformation  to  transfer  chitinase  gene  (chi)  and  the  barley  ribosome-
inactivating  protein  gene  (rip)  into  soybean  cotyledonary  node  cells.  Piller  et  al.  [66]
investigated  the  feasibility  of  expressing  the  major  Enterotoxigenic  Escherichia  coli  K99
fimbrial  subunit,  FanC,  in  soybean for  use  as  an edible  subunit  vaccine.  Xue et  al.  [67]
successfully expressed jasmonic acid carboxyl methyltransferase (NTR1) gene from Brassi‐
ca campestris  into soybean cv.Jungery that produces methyl jasmonate and showed toler‐
ance  to  water  stress.  Soybean  oil  contains  very  low  level  of  α-tocopherol  which  is  the
most active form of tocopherol. The tocopherols present in the seed are converted into α-
and β-tocopherols  by overexpressing γ-tocopherol  methyltransferase  from Brassica  napus
(BnTMT) [68]. Jiang et al. [69] transferred isoflavone synthase (IFS) gene into soybean cal‐
lus using Agrobacterium-mediated transformation and the transgenic plants  produced in‐
creased  levels  of  the  secondary  metabolite,  isoflavone.  Transgenic  soybean  plant
containing PhyA gene of Aspergillus ficuum exhibited a lower amount of phytate in differ‐
ent soybean tissues including the leaf, stem and root. This indicated that engineering crop
plants with a higher expression level of heterologous phytase could improve the degrada‐
tion of phytate and potentially in turn mobilize more inorganic phosphate from phytate
and thus reduce phosphate load on agricultural ecosystems [70].

3. Somatic embryogenesis and transformation

Somatic embryogenesis is a process by which a plant somatic cell develops into a whole
plant without gametic fusion but undergoes developmental changes as that of zygotic em‐
bryogenesis [71, 72]. The first demonstration of in vitro somatic embryogenesis was reported
in Daucus carota by Reinert [73]. The concept of embryogenesis has drawn a lot of attention
because of its significance in theory and practice. Primarily, somatic embryos can be pro‐
duced easily and quickly, so that it provides an economical and easy way to study plant de‐
velopment. Secondly, synthetic seeds developed from somatic embryos open the possibility
of developing high quality seeds and may allow us to produce seeds from those plants that
require a long period for seed production. Somatic embryogenesis is also useful in plant ge‐
netic engineering since regeneration via somatic embryogenesis is frequently single of cell
origin, resulting in a low response of chimeras and high a number of true transgenic regen‐
erants [74, 75].
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3.1. Somatic embryogenesis

The first record of soybean somatic embryogenesis was reported by Beversdorf & Bingham
[76], followed by Christianson et al. [77] who regenerated plants through the method. The
immature cotyledon is the preferred explant for soybean somatic embryogenesis as it has
pre-determined embryogenic cells. Somatic embryogenesis is a multi-step regeneration
process starting with the formation of proembryogenic cell mass, followed by somatic em‐
bryo induction, their maturation, desiccation and finally plant regeneration [78].

Soybean somatic embryos were induced from immature cotyledon explants cultured on me‐
dium containing high levels of 2,4-D [79]. Even though NAA induced somatic embryogene‐
sis from immature cotyledons, the mean number of embryos produced on 2,4-D was
significantly higher [80]. Explant orientation, pH, solidifying agent, and 2,4-D concentration
have a synergic effect on somatic embryo induction [81]. The early-staged somatic embryos
can be maintained and proliferated by subculturing the tissue on either semi-solid medium
[79] or liquid suspension culture medium [82]. Somatic embryos incubated in a medium
containing NAA do not proliferate so well as those produced on a medium containing 2,4-D
[83]. Somatic embryos initiated on NAA are more advanced in embryo morphology than
those induced on 2,4-D and the efficiency of somatic embryo induction was highest with a
medium containing 2-3% sucrose. Cultures initiated on lower sucrose concentrations tended
to produce a higher amount of friable embryos, while increased concentrations of this sugar
impaired embryo induction [80,84-86]. Histodifferentiation and maturation of somatic em‐
bryos doesn’t need exogenous auxin or cytokinins [87]. Indeed, poorly developed meristem
or swollen hypocotyls may be an undesired outcome of the application of exogenous auxins
and cytokinins, respectively. Moon and Hildebrand, [88] investigated the effects of prolifera‐
tion, maturation, and desiccation methods on conversion of soybean somatic embryos to
plants. Somatic embryos proliferated on solid medium showed a higher regeneration rate
when compared with the embryos proliferated in liquid medium. The growth period of so‐
matic embryo development can be reduced one month by culturing in a medium devoid of
2,4-D and B5 vitamins. Carbon source is critical for embryo nutritional health and improves
somatic embryo maturation. The effects of carbohydrates on embryo histodifferentiation
and maturation on liquid medium were analyzed by Samoylov et al. [89]. FNL medium sup‐
plemented with 3% sucrose (FNL0S3) or 3% maltose (FNL0M3) were compared. Data indi‐
cated that sucrose promotes embryo growth and significantly increases the number of
cotyledon-stage embryos recovered during histodifferentiation and maturation. However,
the percentages of plants recovered from embryos differentiated and matured in FNL0S3
was lower than those grown in FNL0M3 (Samoylov et al. 1998b). The quality of somatic em‐
bryos can be positively influenced by a low osmotic potential in maturation medium [90,
91]. Carbohydrates can act as an osmotic agent. Polyethylene glycol 4000, mannitol and sor‐
bitol were tested as supplements to a liquid Finer and Nagasawa medium-based histodiffer‐
entiation/maturation medium FNL0S3, for soybean (Glycine max L. Merrill) somatic embryos
of ‘Jack’ and F138 or ‘Fayette’[90]. Overall, 3% sorbitol was found to be the best of the os‐
motic supplements tested. The ability of histodifferentiation and conversion of somatic em‐
bryo have been improved by the use of ethylene inhibitor aminoethoxyvinylglycine [92].
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or swollen hypocotyls may be an undesired outcome of the application of exogenous auxins
and cytokinins, respectively. Moon and Hildebrand, [88] investigated the effects of prolifera‐
tion, maturation, and desiccation methods on conversion of soybean somatic embryos to
plants. Somatic embryos proliferated on solid medium showed a higher regeneration rate
when compared with the embryos proliferated in liquid medium. The growth period of so‐
matic embryo development can be reduced one month by culturing in a medium devoid of
2,4-D and B5 vitamins. Carbon source is critical for embryo nutritional health and improves
somatic embryo maturation. The effects of carbohydrates on embryo histodifferentiation
and maturation on liquid medium were analyzed by Samoylov et al. [89]. FNL medium sup‐
plemented with 3% sucrose (FNL0S3) or 3% maltose (FNL0M3) were compared. Data indi‐
cated that sucrose promotes embryo growth and significantly increases the number of
cotyledon-stage embryos recovered during histodifferentiation and maturation. However,
the percentages of plants recovered from embryos differentiated and matured in FNL0S3
was lower than those grown in FNL0M3 (Samoylov et al. 1998b). The quality of somatic em‐
bryos can be positively influenced by a low osmotic potential in maturation medium [90,
91]. Carbohydrates can act as an osmotic agent. Polyethylene glycol 4000, mannitol and sor‐
bitol were tested as supplements to a liquid Finer and Nagasawa medium-based histodiffer‐
entiation/maturation medium FNL0S3, for soybean (Glycine max L. Merrill) somatic embryos
of ‘Jack’ and F138 or ‘Fayette’[90]. Overall, 3% sorbitol was found to be the best of the os‐
motic supplements tested. The ability of histodifferentiation and conversion of somatic em‐
bryo have been improved by the use of ethylene inhibitor aminoethoxyvinylglycine [92].
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The effects of ethylene on embryo histodifferentiation and conversion were genotype-specif‐
ic. The germination frequency of soybean embryos is very low [93], and therefore, partial
desiccation of somatic embryos was emphasised with a view to improving the germination
frequency in soybean [87,94&95]. Desiccation induced a physiological state there by increase
the germination ability of somatic embryos [87].

3.2. Genotype

Soybean somatic embryogenesis is highly genotypic when compared to organogenesis. The
existence of strong genotype specificity in the regeneration capacity of the different cultivars
represents a major limiting factor for the advancement of soybean biotechnology. The em‐
bryogenic efficiency of soybean was shown to be different among cultivars at each stage (in‐
duction, proliferation, maturation, germination) of somatic embryogenesis [92,96] and it is
very challenging to identify genotypes highly responsive to all stages. Simmonds and Do‐
naldson, [97] screened 18 short season soybean genotypes for proliferative embryogenesis.
Five genotypes produced embryogenic cultures which were proliferative for at least 6
months. Yang et al. [98] screened 98 Chinese soybean varieties for somatic embryogenesis
and selected 12 varieties based on their embryogenic capacity. The greatest average number
of plantlets regenerated per explant (1.35) was observed in N25281. Bonacin et al. [99] dem‐
onstrated the influence of genotype on somatic embryogenic capability of five Brazilian cul‐
tivars. Droste et al. [100] reported somatic embryo induction, proliferation and
transformation of commercially grown Brazilian soybean cultivars for the first time. Soy‐
bean somatic embryo conversion is genotype dependent; germination frequency of H7190
was approximately three fold lower than that of PI 417138 [101]. Hiraga et al. [102] exam‐
ined the capacity for plant regeneration through somatic embryogenesis in Japanese soy‐
bean cultivars and identified Yuuzuru and Yumeyutaka as having high potential for somatic
embryogenesis. Several cultivars were identified as uniformly embryogenic at the primary
induction phase at all locations, among which Jack was the best [103]. Kita et al. [104] evalu‐
ated somatic embryogenesis, proliferation of embryogenic tissue, and regeneration of plant‐
lets in backcrossed breeding lines derived from cultivar Jack and a breeding line, QF2. The
backcrossed breeding lines exhibited an increased capacity for induction and proliferation of
somatic embryos and were used successfully to generate transgenic plants.

3.3. Agrobacterium mediated transformation

Recovery of the first transgenic plant via somatic embryogenesis in soybean was reported
by  Parrott  et  al.  [105].  Immature  cotyledon  tissues  were  inoculated  with  Agrobacterium
strain which contained 15 kD zein gene and the neomycin phosphotransferase gene. The
explants  were  placed  on  medium containing  high  auxin  for  somatic  embryo  induction.
Three transgenic plants containing the introduced 15 kD zein gene were regenerated. Un‐
fortunately,  these plants were chimeric and the 15 kD zein gene was not transmitted to
the progeny. Sonication-assisted Agrobacterium-mediated transformation (SAAT) of imma‐
ture cotyledons tremendously improves the efficiency of Agrobacterium infection by intro‐
ducing large numbers of micro wounds into the target plant tissue [48]. The highest GUS
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expression  was  obtained when immature  cotyledons  were  sonicated  for  2s  in  the  pres‐
ence of Agrobacterium followed by co-cultivation for 3 days. Trick and Finer, [108] success‐
fully employed Sonication-assisted Agrobacterium-mediated transformation of embryogenic
suspension culture tissue and when SAAT was not used,  no transgenic clones were ob‐
tained. Yan et al. [109] demonstrated the feasibility of Agrobacterium mediated transforma‐
tion of cotyledon tissue for the production of fertile transgenic plants by optimising the
Agrobacterium  concentration,  using  co-cultivation  time  and  selecting  proper  explant.  Ko
and Korban, [110] investigated optimal conditions for induction of transgenic embryos fol‐
lowed by Agrobacterium  mediated transformation.  Using cotyledon explants  from imma‐
ture  embryos  of  5-8mm length,  a  1:1  (v/v)  concentration of  bacterial  suspension and 4-
day  co-cultivation  period  significantly  increased  the  frequency  of  transgenic  somatic
embryos.  The  Agrobacterium  tumefaciens  strain  KYRT1  harboring  the  virulence  helper
plasmid pKYRT1 induces transgenic somatic embryos at  a high frequency from infected
immature soybean cotyledons [111]. Recently, the successful recovery of a high number of
soybean transgenic fertile plants was obtained from the combination of DNA- free parti‐
cle bombardment and Agrobacterium-mediated transformation using proliferating soybean
somatic embryos as targets [112].

3.4. Particle bombardment

Particle bombardment is a widely used technique for transformation of embryogenic cul‐
tures of soybean; the major advantage of this technique over Agrobacterium is the removal
of biological incompatibilities. Particle bombardment in soybean was first reported by Fi‐
ner and McMullen [64], in which embryogenic suspension culture tissue of soybean was
bombarded  with  particles  coated  with  plasmid  DNAs  encoding  hygromycin  resistance
and β-glucuronidase.  Analysis of  DNA from progeny plants showed genetic  linkage for
multiple copies of introduced DNA. Using particle bombardment, fertile plants could be
routinely  produced  from  the  proliferating  transgenic  embryogenic  clones.  Hazal  et  al.
[113]  studied  growth  characteristics  and  transformability  of  embryogenic  cultures  and
found that cultures bombarded between 2-6 days after transfer to fresh medium showed
more transient expression of the reporter gene. Histological analysis showed that the most
transformable  cultures  had  cytoplasmic-rich  cells  in  the  outermost  layers  of  the  tissue.
Maughan et  al.  [114]  bombarded embryogenic  cultures  with  plasmid  containing  630-bp
DNA fragment encoding a bovine milk protein, β-casein. Hadi et al. [115] co-transformed
12 different plasmids into embryogenic suspension culture by particle bombardment. Hy‐
bridization analysis  of  hygromycin resistance clones verified the presence of  introduced
plasmid DNAs.  Santarem and Finer [116]  investigated the effect  of  desiccation of  target
tissue, period of subculture prior to bombardment and number of bombardments per tar‐
get  tissue  for  enhancement  of  transient  expression  of  the  reporter  gene.  Desiccation  of
proliferating  tissue  for  10  min,  subculture  on the  same day prior  to  bombardment  and
three times bombardment on a single day enhanced the transient expression of β-glucuro‐
nidase  [116].  Dufourmantel  et  al.  [117]  successfully  transformed  chloroplasts  from  em‐
bryogenic tissue of soybean using DNA carrying spectinomycin resistance gene (aadA) by
bombardment.  All  transplastomic  T0 plants  were fertile  and T1 progeny was uniformly
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transformable  cultures  had  cytoplasmic-rich  cells  in  the  outermost  layers  of  the  tissue.
Maughan et  al.  [114]  bombarded embryogenic  cultures  with  plasmid  containing  630-bp
DNA fragment encoding a bovine milk protein, β-casein. Hadi et al. [115] co-transformed
12 different plasmids into embryogenic suspension culture by particle bombardment. Hy‐
bridization analysis  of  hygromycin resistance clones verified the presence of  introduced
plasmid DNAs.  Santarem and Finer [116]  investigated the effect  of  desiccation of  target
tissue, period of subculture prior to bombardment and number of bombardments per tar‐
get  tissue  for  enhancement  of  transient  expression  of  the  reporter  gene.  Desiccation  of
proliferating  tissue  for  10  min,  subculture  on the  same day prior  to  bombardment  and
three times bombardment on a single day enhanced the transient expression of β-glucuro‐
nidase  [116].  Dufourmantel  et  al.  [117]  successfully  transformed  chloroplasts  from  em‐
bryogenic tissue of soybean using DNA carrying spectinomycin resistance gene (aadA) by
bombardment.  All  transplastomic  T0 plants  were fertile  and T1 progeny was uniformly
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spectinomycin resistant,  showing the stability of the plastid transgene. Droste  et al.  [100]
successfully  transformed  embryogenic  cultures  of  soybean  cultivars  recommended  for
commercial growing in South Brazil  by bombardment,  and this opened the field for the
improvement of this crop in this country by genetic engineering.

3.5. Genes for trait improvement

Li et al. [6] attempted to transform two antifungal protein genes (chitinase and ribosome-in‐
activating protein) by co-transformation. Transgenic soybeans expressing the Yeast SLC1
Gene showed higher oil content [118]. They reported that, compared to controls, the average
increase in triglyceride values went up by 1.5% in transgenic somatic embryos and also
found that a maximum of 3.2% increase in seed oil content was observed in a T3 line. Trans‐
fer of Δ6 desaturase, fatty acid elongase and D5 desaturase into soybean under seed specific
expression produced arachidonic acid (ARA) in seeds of soybean [119]. In an attempt to en‐
hance soybean resistance to viral diseases, several groups successfully generated transgenic
plants by expressing an inverted repeat of soybean dwarf virus SbDV coat protein (CP)
genes [120], or soybean mosaic virus (SMV) coat protein gene [121]. The nutritional quality
of soybean has been improved for enhanced amino acid, proteins and vitamin production
by transgenic technology [114, 122, 123, 124, and 125]. The feasibility of genetically engineer‐
ing soybean seed coats to divert metabolism towards the production of novel biochemicals
was tested by transferring the genes phbA, phbB, phbC from Ralstonia eutropha. Each gene
was under the control of the seed coat peroxidase gene promoter [126]. The analysis of seed
coats demonstrated that polyhydroxybutyrate (PHB) was produced at an averge of 0.12%
seed coat dry weight.

4. Conclusion and future prospects

As demands increase for soybean oil and protein, the improvement of soybean quality and
production through genetic transformation and functional genomics becomes an important
issue throughout the world. Modern genetic analysis and improvement of soybean heavily
depend on an efficient regeneration and transformation process, especially commercially
important genotypes. The transformation techniques developed until now till date do not al‐
low high-throughput analyses in soybean functional genomics; though significant improve‐
ments have been made in the particle bombardment of embryogenic culture and
Agrobacetrium mediated transformation of the cotyledonary node over the past three deca‐
des. However, routine recovery of transgenic soybean plants using either of these two trans‐
formation systems has been restricted to a few genotypes with no reports of transformation
on other locally available commercial genotypes. Therefore, development of an efficient and
consistent transformation protocol for other locally available commercial genotypes, will
greatly aid soybean functional genomics and transgenic technology.
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1. Introduction

Today biotechnology and the process of genetic modification is emerging and advancing
worldwide. At the forefront of this technology is soybean, which has become a popular sub‐
ject of genetic modification due to its versatility and economical importance as a crop plant.
Over 15 years ago the first herbicide resistant soybeans were introduced into the market. By
1997, approximately 8% of all soybeans cultivated for commercial use in the United States
were genetically modified. This trend has grown exponentially and by 2011 the percentage
of genetically modified soybean rose to 94% in the United States and 81% worldwide. The
technology to genetically modify soybean has not only had a huge impact on the commer‐
cial agricultural market, but has paved the way to an onset of both traditional and nontradi‐
tional uses for soybean as well as opening up many new potential applications for this
important crop plant. Soybean has become a popular subject of genetic modification over
the past two decades and with the advancement of plant transformation technology, it is
now possible to manipulate and or add various traits to soybean.

2. Soybean transformation

There are several protocols used to genetically transform plants with either stable or transi‐
ent expression. Some of the methods include electroporation, silicon carbide fibers, liposome
mediated transformation and in planta Agrobacterium-mediated transformation via vacuum
infiltration of whole plant. However, many of these methods are not used for soybean trans‐
formation because of low transformation efficiencies. Two more commonly used platforms
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that have been successfully optimized for stable soybean transformation include cotyledona‐
ry node–Agrobacterium-mediated transformation and somatic embryo–particle-bombard‐
ment-mediated transformation.

The Agrobacterium-mediated plant transformation method uses a soil dwelling bacteria spe‐
cies called Agrobacterium tumefaciens to transfer desirable genes into plants. Using this meth‐
od, a foreign gene can be placed within the T- DNA boarder regions of the bacterial plasmid
which then integrates into a host plant’s genome [1]. Wounded plant tissue gives off specific
phenolic compounds which induce Agrobacterium to express a set of virulence (vir) genes.
The expression of the vir genes results in the production of single-stranded DNA that is
transferred and integrated into the plant genome.

There are several advantages of Agrobacterium-meditated plant transformation including
straight forward methodology, minimal equipment cost, and reliable insertion of a single or
a low copy transgene number. The first reported transformation of soybean with an Agrobac‐
terium strain used co-cultivation followed by organogenesis from cotyledonary nodes [2].
This work was followed by using Agrobacterium mediated transformation of immature coty‐
ledons [3], and embryogenic suspension cultures [4]. Since then, several groups have
worked to improve these methods, in particular the transformation and regeneration from
cotyledonary nodes. Cotyledonary node regions contain axillary meristems at the junction
between cotyledon and hypocotyl. Generally, the cotyledonary nodes are pre-wounded and
then co-cultivated with Agrobacterium. The axillary meristems proliferate and regenerate
through the formation of multiple adventitious shoots on culture medium containing a cyto‐
kinin. In the United States, public facilities, including the Plant Transformation Facility at Io‐
wa State University and the Plant Transformation Core Facility at the University of
Missouri, provide fee for service genetic transformation of soybean for public research,
mainly by cotyledonary node Agrobacterium-mediated transformation.

The other widely used method of soybean transformation is somatic embryo particle bom‐
bardment-mediated transformation also called particle bombardment, or biolistic technolo‐
gy. This method directs small tungsten or gold particles coated with the desired genes
toward the target plant cells with enough force to penetrate the cell wall and membrane [5].
Once inside the cell the DNA disassociates from the particle and becomes integrated into the
plant genome.

The particle bombardment transformation method was first used in soybean in 1988 by
McCabe et al., who successfully transformed immature seed meristem [6] and was followed
by the transformation of somatic embryonic tissue [7], and apical meristem [8]. Transforma‐
tion of somatic embryos has been the most successful method and is induced from imma‐
ture cotyledons cultured on medium containing moderately high concentrations of an auxin.
These cotyledons are used to generate proliferative embryogenic cultures and to recover
whole plants. A major advantage of the particle bombardment transformation method rela‐
tive to Agrobacterium-based methods is the removal of biological incompatibilities between
tissues of many plant species and the Agrobacterium vector. However, it has been shown that
certain genotypes are more susceptible to the formation of proliferative embryogenic tissue
than others. Limitations of the bombardment process include the requirement of specialized
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equipment (gene gun), transformation limited to cells at or near the surface, and high copy
number events with high levels of recombination which may not be desirable.

The development of soybean transformation methods has paved the way for an extensive
amount of research to develop genetically modified soybeans that have been widely adopt‐
ed for crop improvement purposes. This has been a fast growing field with the addition of
many agronomic, nutraceutical, and pharmaceutical traits being developed, the progress of
which will be reviewed in this chapter.

3. Agronomical improvements in soybean

3.1. Herbicide tolerance

In 1970, glyphosate, a broad-spectrum foliar herbicide, was discovered [9]. Glyphosate in‐
hibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), a crucial enzyme of the shiki‐
mate biosynthetic pathway that is responsible for the production of several essential
aromatic amino acids. Glyphosate was commercially introduced in 1974 and by 1995 use
had reached 4. 5 million kg in the United States. Due to popularity and broad use of this
herbicide by farmers, glyphosate became a candidate for research in creating herbicide re‐
sistant soybeans and has led to one of the most well-known examples of herbicide tolerance:
The Roundup Ready® soybean developed by Monsanto. Roundup Ready® soybeans were
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upTM). The popularity of these soybeans grew with farmers since RoundupTM could be
applied to a field of Roundup Ready® soybeans to significantly reduce weed populations
while leaving the soybean crop unharmed. The development of Roundup Ready® soybeans
offered farmers many advantages in a system that was relatively easy to use. The level and
consistency of weed control allowed farmers to take advantage of a no-till system, and elim‐
inated the need for cultivation allowing growers to space rows more closely. Narrow row
planting results in higher yields due to a more efficient use of space and may result in better
weed control, as the canopy closes more quickly providing earlier competition against
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emergence herbicides currently used in soybeans, both in terms of the stage of soybean
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In response to Monsanto's hugely successful Roundup Ready® crops, Bayer Crop Science re‐
leased its own herbicide tolerant soybean known as Liberty Link® soybean [10]. Liberty
Link® soybeans were developed to express a gene derived from the bacteria Streptomyces vir‐
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contact herbicide glufosinate ammonium. This herbicide causes cessation of photosynthesis
and plant death by interfering with the biosynthetic pathway of the amino acid glutamine
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and with ammonia detoxification. Glufosinate ammonium is the active ingredient in phos‐
phinothricin herbicides (Basta®, Ignite®, Rely®, Liberty®, Harvest®, and Finale®) used to con‐
trol a wide range of weeds after the crop emerges or for total vegetation control on land not
used for cultivation. Since glufosinate ammonium-based herbicides function by a different
mode of action than glyphosate-based herbicides, the Liberty Link® system provides farmers
with an alternative strategy for controlling weeds.

There are several other examples of transgenic soybeans expressing herbicide resistance
traits that are in various stages of development. Pioneer has developed a transgenic soybean
product that provides tolerance to two different classes of herbicides: glyphosate and aceto‐
lactate synthase (ALS)-inhibiting herbicides. These soybean plants express the glyphosate
acetyltransferase (GAT4601) and modified version of a soybean acetolactate synthase (GM-
HRA) proteins. [11]. The GAT4601 protein confers tolerance to glyphosate-containing herbi‐
cides by acetylating glyphosate and thereby rendering it non-phytotoxic. The GM-HRA
protein confers tolerance to the ALS-inhibiting class of herbicides. The development of GM
soybeans with characteristics controlled by multiple genes leading to the expression of two
herbicides is a different approach than previous strategies involving single characteristics
controlled by a single gene. These genetically modified soybeans express a combination of
herbicides with different modes of action. Inherent crop tolerance will enable more effective
management of weed populations.

BASF has used a similar method to introduce a soybean that combines herbicide-tolerant
soybean varieties with the broad spectrum imidazolinone class of herbicides. These trans‐
genic soybeans contain the csr1-2 gene derived from Arabidopsis thaliana that encodes the
imidazolinone-tolerant AHAS-Large subunit (also known as ALS). The AHAS-L subunit in‐
teracts with the endogenous soybean small regulatory subunit to form an enzyme complex
that catalyzes the first step in the synthesis of branched-chain essential amino acids, valine,
leucine, and isoleucine [12]. The AHAS enzymes occur ubiquitously in plants. Imidazoli‐
none herbicides inhibit the native enzymes, resulting in plant death.

To address the potential emergence of other herbicide resistant broadleaf weeds, Monsanto
has developed a line of transgenic soybeans that are resistant to treatment with dicamba
[13]. Dicamba (3,6-dichloro-2-methoxybenzoic acid) is a low-cost, widely-used, broad leaf
herbicide that is environmentally friendly. Soybeans transformed with a genetically engi‐
neered bacterial dicambamonooxygenase (DMO) gene were able to inactivate dicamba,
making them resistant to this herbicide. Dicamba-resistant soybeans are in the advanced
stages of research and development and are predicted to be commercialized soon.

Syngenta and Bayer CropScience are co-developing HPPD-inhibitor tolerant soybeans, a
novel herbicide tolerance trait for soy. The event consists of a molecular stack of a gene con‐
ferring tolerance to hydroxyphenylpyruvatedioxygenase (HPPD)-inhibiting herbicides as
well as a gene for glufosinate tolerance. Inhibition of HPPD stops the catabolic degradation
of tyrosine to plastoquinones which is important for photosynthesis, carotenoid biosynthe‐
sis, and tocopherol production [14]. This multiple herbicide tolerance stack will enable the
use of multiple herbicides and will be an important new tool for soybean growers faced
with increasing pressure from resistant weeds. In the future, other innovative molecular
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strategies can be expected to generate genetically modified (GM) soybeans with novel fea‐
tures to combat weeds and enhance weed resistance. These new GM soybeans will reduce
environmental contamination risks and reduce costs for consumers and producers.

3.2. Insect resistance

Insect pest management through the use of chemicals has brought about considerable pro‐
tection to crop yields over the past several decades. Unfortunately, extensive and indiscrimi‐
nate usage of chemical pesticides has resulted in environmental degradation, adverse effects
on human health and other organisms, eradication of beneficial insects, and development of
pest-resistant insects. As farmers move forward with the objective of achieving greater crop
productivity it will be imperative to replace chemical inputs with safer alternatives to man‐
age insect pests in agricultural ecosystems. Within agricultural biotechnology, insect resist‐
ance is a prime research area that has potential to improve agricultural productivity and
provide much needed alternatives to pesticides while being effective against pests, innocu‐
ous to non-target organisms, and cost effective. With the advent of biotechnology, the ability
to genetically modify plants for insect resistance on a commercial scale is within reach. One
of the most extensively studied traits for insect resistance in soybeans involves the Bt gene.

Bacillus thuringiensis (Bt) is a common bacteria found in the environment. It has been used as
a biological control agent against lepidopteran insects for more than 50 years. Bt targets a
class of compounds responsible for insecticidal activity known as crystalline proteins, or cry
proteins (Cry1), that are highly toxic after ingestion. The mode of action for Cry1 toxins is
the disruption of midgut cellular membranes leading to cell death. One of the primary ad‐
vantages of using Bt genes for insect control in transgenic plants is the specific insecticidal
action toward insects from the Lepidoptera order leaving beneficial insects, birds, and mam‐
mals unharmed. Thus, the insertion of Bt toxins into plants, by genetic modification, is an
attractive model for the creation of insect resistant transgenic crops.

To date, many different plant species have been genetically modified to exhibit insect resist‐
ance using Bt. While the Bt trait has been commercialized in corn and cotton, it is still in de‐
velopmental stages in soybean. Transformation of soybean with Bt to induce resistance to
lepidopteron species has been performed for over a decade. By 1994 fertile transformed soy‐
beans containing a synthetic Bt (Cry1Ac) were generated [15, 16]. Stewart et al., used detach‐
ed leaf bioassays to show that transgenic soybean lines were resistant to multiple soybean
pests with less than 3% leaf defoliation compared to 20% observed in traditionally bred lepi‐
dopteron resistance soybean lines [16].

Other groups have used a similar strategy by evaluating soybeans engineered with Cry1Ac
for resistance to lepidopteron species under field conditions. One example compared Bt
lines to controls in the field using field cages and artificial infestation with lepidopteron lar‐
vae over a three year period [17]. In this case, Bt lines showed up to 9 times less defoliation
from pets when compared to control plants. Similarly, Mcpherson and MacRae reported the
evaluation of Bt soybean lines for suppression of lepidopteron species in the field over 2
years [18]. In this case, soybean plants expressing Cry1Ac were essentially absent of lepi‐
dopteron populations when compared to peak population densities of 20-30 larvae per row
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in control plots. Furthermore, Bt lines showed <1.5% defoliation when compared to 53% de‐
foliation in control plants.

The utility for Bt soybeans has become evident. This has lead to pyramiding strategies using
Cry1Ac with native plant resistance genes to increase plant resistance against insect-pests.
Several quantitative trait loci (QTLs) from soybean lines have been described as showing an‐
tixenosis and antibiosis resistance towards lepidopteron insects [19, 20]. This work lead to
the development of transgenic soybean lines by combining QTLs with synthetic Cry1Ac
[21]. In this case, field evaluations and detached leaf bioassays were used to test this multi‐
ple resistance gene pyramiding strategy for antibiosis resistance. Based on defoliation in the
field, as well as larval weight gain on detached leaves, soybean lines carrying a combination
of Cry1Ac and the QTL were significantly more resistant to lepidopteron pests.

While Bt soybean varieties have not been commercialized this body of research has lead
Monsanto to the development of soybeans that incorporate the Bt trait stacked with the sec‐
ond generation Roundup Ready germplasm [22]. Bt Roundup Ready 2 Yield seeds are cur‐
rently in Phase IV trials and are targeted for commercialization in Brazil in 2013. This
pyramiding strategy would be the first in-seed insect protection for soybeans and is expect‐
ed to offer an important technology for farmers who face significant yield loss due to insect
damage. Although not universal in its application and total in its protection, Bt will play a
central role in protecting the crop from major insect pests.

With the onset and success of Bt crops other avenues have been explored for their possible
roles in the development of transgenic insect resistant plants. These approaches include the
use of plant defense proteins, lectins, α-amylase inhibitors, insect chitinases, and defensins.
The development and implementation of engineered insecticidal soybean varieties is cur‐
rently in its infancy. The incorporation of a multiple gene stacking strategy will also be im‐
portant in the future development of insect resistant soybeans. Bt, in combination with other
biopesticides, has the potential to drastically reduce the consumption of chemical pesticides,
however it will be important to continue research and have a development strategy for a fu‐
ture generation of technology, to ensure that insects do not rapidly develop resistance.

3.3. Disease resistance

The United States, Brazil, and Argentina are the three major soybean-producing countries in
the world where more than 50% of all soybeans are harvested. Such a geographic distribu‐
tion facilitates the spread of insect-pests and diseases. Hence, soybean can be attacked by
many different pathogens, including bacteria, viruses, fungi, and nematodes. These patho‐
gens and pests can cause damage in seeds, roots, leaves, stems and pods, and usually are
tissue-specific. Therefore, disease resistance is another area of great interest for both re‐
searchers and farmers.

Disease control management is currently concentrated on agronomic practices, like planting
under tillage, use of lodging resistant varieties, wide row planting, and rotation with non-
host crops. Chemical control has poor efficiency because of low penetration and uneven dis‐
tribution due to an already formed canopy. In addition, chemical application can be
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extremely expensive for farmers and unhealthy for the environment. There has been little
success with conventional plant breeding for disease resistance in soybean leaving room for
other approaches such as the use of biotechnology to produce genetically modified soybeans
that have disease resistance.

3.3.1. Bacterial

Bacterial infections are widespread diseases that occur mainly in the mid-to-upper and
young leaves of the soybean plant. There are several bacteria which cause disease in soy‐
bean resulting in large amounts of yield loss and poor seed quality. While there has been
promising research in the development of bacterial disease resistance with the use of bio‐
technology in other crop plants such as rice, tomato, banana, and tobacco, there has been
less research on the development of bacterial disease resistance for soybean. This research
may lead to new strategies for the development of bacterial disease resistance in soybean.

3.3.2. Viral

The development of transgenic soybean that confers viral resistance has been studied a bit
more extensively. Viruses in soybean are global pests. Significant resistance to several virus‐
es in a number of plant species have been achieved through pathogen derived resistance by
the use of viral coat proteins which, when expressed in planta, can interfere with viral assem‐
bly. This is the same approach that has been used by several groups to develop transgenic
viral resistance in soybean. One of the first groups to investigate this approach was Di et al.,
who produced a soybean that was resistant to bean pod mottle virus (BPMV) [23]. This was
done by introducing a BPMV coat protein into the soybean genome. Transgenic events
showed complete resistance to BPMV infection. Another study created soybean lines that
were resistant to BPMV by inserting a BPMV capsid polyprotien. Events generated in this
case were subjected to infectivity assays and not only exhibited resistance to virus infection,
but also exhibited systemic infection, showing little to no visible symptoms [24]. Transgenic
lines such as these could lead to future commercial cultivars with resistance to BPMV.

The development of soybean mosaic virus (SMV) resistant soybeans is important since SMV
is found in all regions where soybean is grown and infection can cause yield loss up to 90%.
Despite progress in other important crop plants, efforts to produce transgenic soybeans re‐
sistant to SMV have advanced slowly. In order to produce soybean lines that could confer
pathogen derived resistance, plants were produced containing a coat protein gene and the 3'

UTR from SMV [25]. Coat protein gene transcripts were detected in transgenic lines and two
of the soybean lines were highly resistant to infections with the SMV virus. These results
represent the first example of stable genetically engineered SMV resistance in soybean.

The sense coat protein gene of soybean dwarf virus (SbDV) was used to acquire SbDV-re‐
sistant soybean plants [26]. These insertions were classified into two types: overexpression
of SbDV-CP mRNA, or repression accumulation of SbDV-CP mRNA, and siRNA by RNA
analysis prior to SbDV inoculation. In both cases, after infection with SbDV, most plants of
these transgenic lines remained symptomless, contained little SbDV-specific RNA and ex‐
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hibited SbDV-CP-specific siRNA. The possible mechanism of the achieved resistance was
thought to be RNA silencing. This same group later used RNA silencing to create resistance
for SbDV using inverted repeat-SbDV coat protein (CP) genes spaced by a β-glucuronidase
sequence [27]. Upon infection with virus, transgenic plants showed no symptoms of the dis‐
ease. Transgenic soybeans were shown to contain SbDV-CP-specific siRNA and little to no
SbDV-specific RNA, suggesting that resistance to SbDV was achieved by an RNA silencing-
mediated process.

3.3.3. Fungal

Fungi are the most common soybean pathogens and therefore represent targets for the de‐
velopment of disease resistant transgenic varieties in soybean. One of the more important
fungal diseases affecting soybeans grown in the United States and Brazil is Sclerotinia stem
rot (SSR) caused by the fungus Sclerotinia sclerotiorum (white mold). This mold has been as‐
sociated with the presence of oxalic acid (OA). Treatment of plants with OA induced symp‐
toms whereas metabolism of OA is correlated with fungal tolerance. Cunha et al., generated
transgenic soybean lines that overexpressed oxalate decarboxylase (OXDC) [28]. When
transgenic soybean lines were infected with white mold the disease progression showed sig‐
nificant reduction of severity that correlated with the level of transgene expression. Trans‐
genic events expressing high levels of OXDC showed complete resistance demonstrating the
feasibility of this approach.

Much of the research in the development of fungal disease resistance has focused on over‐
expression of a single gene to confer protection, though such a method favors co-evolution
and pathogenic resistance. An alternative strategy taken by Li et al., was to create multi-
gene resistance by overexpressing multiple anti-fungal genes [29]. Two such genes previ‐
ously  shown to  be  involved with  fungal  disease  resistance  are  chitinase  (CHI)  and the
barley ribosome-inactivating protein (RIP). While Li et al., successfully produced transgen‐
ic soybean overexpressing both traits, transgenic events were not challenged with fungal
infection.

An alternative technology has shown promise with controlling fungal infection through the
use of single-chain variable fragment (scFv) antibodies. While plants do not produce endog‐
enous antibodies, they can express and correctly assemble antibody fragments. In fact, anti‐
body production in soybean was first demonstrated in 1998 [30]. A similar antibody
approach was recently taken by Brar and Bhattacharyya to control Fusarium virguliforme
which is responsible for soybean sudden death syndrome (SDS) [31]. Using the pathogenic
toxin Tox1 as a target, soybeans were transformed with an antibody gene encoding scFv an‐
ti-FvTox1 to create transgenic lines with enhanced foliar SDS resistance compared to control
plants. Their results suggest that FvTox1 is a pathogenicity factor for the development of
SDS and that expression of a soybean plant scFv antibody can reduce a toxin-induced plant
disease. This biotechnology approach may be translational in fighting other plant diseases
that are induced by pathogenic toxins.

To date there are no commercially available transgenic soybeans that confer resistance to
disease, including fungal pathogens. In 2011 DuPont, Pioneer Hi-Bred, and Evogene an‐
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nounced a collaboration to develop soybean varieties displaying in-plant resistance to soy‐
bean rust [32]. This is a major step in the direction of creating the first commercially
available transgenic soybean variety that is resistant to a fungal pathogen.

3.3.4. Nematode

Plant parasitic nematodes are a significant agricultural problem causing major limitations on
crop yield and quality. It is estimated that plant parasitic nematodes cause approximately
$157 billion [USD] in damage worldwide. Current approaches used to combat agricultural
losses include the use of nematicides, cultivation techniques, and varieties with natural re‐
sistance. Nematicides include some of the most hazardous compounds used in agriculture
and alternative control is required due to health and environmental concerns over their use.
In soybean, the majority of yield loss can be attributed to infection by nematodes of the ge‐
nus Meloidogyne and Heterodera commonly referred to as root knot nematodes (RKN) and
soybean cyst nematodes (SCN), respectively. RKN and SCN infect plant roots and induce
the formation of specialized feeding sites. The establishment and maintenance of feeding
sites are crucial to the survival of nematodes making them an obvious target of interest for
novel control strategies. One approach that has emerged in recent years is the use of in plan‐
ta RNA interference (RNAi) to target genes of feeding nematodes. Through biotechnology,
plants can be engineered to produce dsRNAs that silence essential nematode genes. Inges‐
tion of plant-derived dsRNAs by the feeding nematode would trigger the RNAi process
thereby inactivating targeted genes and preventing or limiting nematode infection. There
are numerous genes known to be essential for nematode survival, and they have been the
subject of past reviews [33, 34]. Many of these appear to be candidates for use in an in planta
RNAi strategy to control nematode infection.

Steeves et al., was one of the first to demonstrate efficacy of an RNAi-based strategy to con‐
trol SCN [35]. Transgenic soybeans were generated following transformation with an RNAi
expression vector containing inverted repeats of a cDNA clone of the SCN major sperm pro‐
tein (MSP). RNA silencing was elicited in the cyst nematode following ingestion of dsRNA
molecules, and resulted in ~75% suppression of reproductive capabilities. Several years later
Li et al., used RNAi to test potential gene targets known to be involved with nematode re‐
production and fitness [36]. Soybean roots expressing small interfering RNAs against the
SCN genes Cpn-1, Y25, and Prp-17 showed a significant reduction in transcript levels in
nematode feeding sites. Furthermore, nematode suppression levels were similar to those ob‐
served with conventional resistance. Recently RNAi was used to disrupt genes involved
with RKN gall formation [37]. Genes encoding tyrosine phosphatase (TP) and mitochondrial
stress-70 protein precursor (MSP) were stably expressed in soybean roots, and following in‐
fection with RKN the number of galls was decreased by >90%. Nematode growth within
roots was measured and the diameter of nematodes inside transformed soybean roots was
reduced 5-fold over that of nematodes inside control roots.

Although there are a few cultivars of soybean that have natural resistance to some species of
nematode, there are currently no commercially available soybean varieties that offer geneti‐
cally modified resistance to nematodes. Over the past 10 years, there have been numerous
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candidate genes found within the nematode-plant interaction that hold potential for the de‐
velopment of novel genetically modified soybeans using an RNAi-based strategy. Results
from the above studies show the potential of RNAi technology for reducing gall formation,
limiting nematode reproduction and infection, and ultimately broadening soybean resist‐
ance to SCN and RKN. The production and eventual commercialization of nematode resist‐
ant soybean will benefit both producers and consumers by decreasing dependence on
hazardous nematacides and increasing overall soy grain yield.

4. Soybean trait enhancements

In 2008 Monsanto announced their Sustainable Yield Initiative - a pledge to double the
yields of corn, cotton, and soybeans by the year 2030 while simultaneously reducing aggre‐
gate key inputs such as water, land, and energy. While this will be an especially difficult
task given that the vast majority of high-quality farm land is already in use, several recent
reports involving transgenic soybean technologies support the notion that future biotechno‐
logical advances will indeed be able to help achieve such goals.

4.1. Crop yield

Crop yield is a highly complex trait, and increases in yield have previously been accom‐
plished through a variety of methods involving traditional breeding and modern biotech‐
nology. The introduction of transgenic crops in 1996 helped improve grain yield by
protecting plants from insects and disease pathogens that often result in yield pressure if not
treated. While new varieties of soybean combine the latest advances in both modern breed‐
ing with genetic modification technologies, there continues to be a search for gene-based ap‐
proaches with potential to increase soy grain yield. Preuss et al., recently performed a large-
scale screening for such yield increasing genes and reported that constitutive expression of
an Arabidopsis thaliana B-box domain gene (BBX32) resulted in plants with increased plant
height, node, flower, pod, and total seed number [38]. More importantly, field grown events
showed a 5-8% increase in plant height, 8-10% increase in pod number, and 11-14% increase
in total yield relative to control plants. It is believed that overexpression of AtBBX32 modu‐
lated circadian clock gene transcripts leading to an increase in the duration of reproductive
developmental stages (R3 through R7) of the seed which presumably accounted for the in‐
crease in seed yield. Over the next decades, it is likely that seed varieties containing these
and other yield traits will be commercialized.

4.2. Drought resistance

Drought is a major abiotic stress factor since it can greatly impact crop productivity and
grain  yield.  Soybeans  have  developed  several  adaptive  traits  to  endure  periods  of  dry
weather and drought.  Inclusion of these traits into quality germplasm continues to be a
major goal of traditional and marker-assisted breeding programs. While the genetic basis
of drought tolerance is not well  understood, researchers have focused on understanding
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candidate genes found within the nematode-plant interaction that hold potential for the de‐
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physiological responses associated with drought (i. e. leaf wilting, water use efficiency, ni‐
trogen  fixation,  and  root  growth  biomass).  While  overexpression  of  single  downstream
gene targets have shown potential for increasing drought tolerance in Arabidopsis and to‐
bacco model systems, the majority of these findings have not yet been translated to major
crop species. One exception involves the overexpression of an endoplasmic reticulum-resi‐
dent molecular chaperone binding protein (BiP) which is believed to regulate Ca2+ signal‐
ing  responses.  Valente  et  al.,  showed  that  BiP-overexpressing  soybean  lines  exhibited
decreases in leaf wilting, leaf water potential, and stomatal closure under reduced and de‐
prived water  conditions  [39].  Furthermore,  transgenic  plants  showed decreased rates  of
photosynthesis  and  transpiration,  steady  levels  of  osmolytes  and  dry  root  weight,  de‐
creased induction of drought-associated mRNAs, and delayed leaf senescence relative to
control plants. While overexpression of BiP shows great potential as a target for increasing
drought resistance, it will be important to compare grain yields in field-grown transgenic
and control lines.

4.3. Increased oil content

Over the past decade, there has been a growing trend for industrial applications utilizing
soybean oil, and these applications compete with those used for edible consumption. One
example is the recent spike in soy-based biodiesel production which consumed just over 1
billion gallons of soybean oil  in 2011 compared with 5 million gallons in 2001 [40].  The
growing demand for soybean oil has sparked an interest in novel technologies that could
be used to increase the relative oil content of soybean seeds. The retooling of soybean me‐
tabolism to increase oil content is not a simple task given that the absolute levels of seed
oil  and seed protein seem to be set.  Increasing oil  content  comes at  the expense of  de‐
creasing protein content,  and vice versa.  To date,  only a few papers have reported suc‐
cesses in this area, and both involved manipulation of enzymes and substrate pools in the
Kennedy pathway which is responsible for the production of triacylglycerols (TAGs) - the
major component of soybean seed oil. In 2008, Lardizabel et al., overexpressed fungal di‐
acylglycerolactetyltransferase (DGAT2) in soybean seeds [41]. DGAT2 converts diacylgly‐
cerols  (DAGs)  to  TAGs.  Transgenic  soybeans  overexpressing DGAT2 were  grown at  63
locations within the United States and Argentina over five growing seasons, and showed
a 1.5% increase  in  total  seed oil  with  no  reduction of  seed protein  content  or  yield.  In
2009, Rao and Hildebrand overexpressed the yeast sphingolipid compensation (SLC1) pro‐
tein in soybean seeds [42]. SLC1 has been shown to have lysophosphatidic acid acyltrans‐
ferase  (LPAT) activity  which plays  a  role  in  the  conversion of  lysophosphatidic  acid to
phosphatidic  acid,  the  precursor  to  DAG  in  the  Kennedy  pathway.  Overexpression  of
yeast SLC1 resulted in soybean somatic embryos with 3. 2% increased oil content and sta‐
ble  transgenic  lines  with  1.5% increased oil  content  in  seeds.  Given current  commodity
pricing for soybean oil [43], a 1.5% increase in oil adds ~$1.2 billion [USD] in value to the
United States  soybean crop alone.  As soybean oil  prices  rise  it  is  anticipated that  other
metabolic engineering strategies will be developed and used to obtain similar increases in
seed oil content.
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5. Health and nutrition

Soybean is considered a dual use crop since it is a valuable source of seed protein and seed
oil. Due to consumer health awareness and an increased demand for vegetable oil, much at‐
tention has been drawn to seed oil quality and content. To address these needs, efforts have
been made with soybean to increase oxidative stability of soybean oil, enhance fatty acid
content of oil, and increase total oil content within the seed. Significant progress has been
made by breeders to improve overall yield of soybean, however minimal advancements
have been made in the development of high-yield germ lines that have a major shift in car‐
bon flux for increased total protein or oil content in the seed. This may be attributed to the
inverse correlation between absolute oil and protein contents within soybean seeds. Biotech‐
nology offers new tools for the development of soybeans that have improved oil quality for
use in food, feed, and industrial applications. These nutritional enhancements have been
achieved by directed modification of fatty acid biosynthesis to alter amounts of fatty acids
that naturally occur in soybean, or to produce novel fatty acids. Two fatty acid profiles that
have been targeted through genetic strategies include soybeans with low linolenic acid oil
content and high oleic acid oil content.

5.1. Fatty acid content

Linolenic acid (LA) accounts for 10-13% of the total fatty acid content of soybean oil. This
fatty acid reduces oxidative stability of oil which results in rancidity and decreased shelf-
life. A family of three desaturase genes (GmFAD3) contribute to LA biosynthesis in soybean.
Flores et al., employed a targeted gene silencing approach to suppress the GmFAD3 gene
family using a single RNAi construct [44]. The down regulation of this gene family resulted
in low linolenic soybeans with LA contents below 2%. Oleic acid (OA) is a pre-cursor of LA
and is considered a healthy source of fat. Conventional soybean oil contains ~18% OA.
While high oleic soybean oil has obvious nutritional value, conventional breeding of high
oleic soybean lines have not materialized, in part due to the decrease of yield and environ‐
mental instability associated with bred traits. The observed yield drag may be attributed to
an alteration in the fatty acid profiles within vegetative tissues of soybean. Progress toward
decreasing this yield drag has been made by down regulating Δ12 desaturases (FAD2-1A
and -1B) which converts OA to LA [45, 46]. Seeds resulting from this genetic approach have
an increased OA content to ~80% without alterations of vegetative tissue fatty acid contents.
In combination with high levels of OA, elevated steric acid levels in soybean oil is also desir‐
able to meet needs of confectionary applications, and development of such soybeans may be
possible in the future using similar approaches.

Nutritional enhancements such as increased ω-3 fatty acid levels are also desired for hu‐
man food and animal feed consumption. Two fatty acids, γ-linolenic acid (GLA) and stear‐
idonic acid (SDA) are of particular interest since they exhibit pharmacological properties
and nutritional value, respectively. Sato et al.,  were successful at increasing these impor‐
tant fatty acids in soybeans by overexpressing a borage Δ6desaturase which converts LA
and α-linolenic (ALA) to GLA and SDA, respectively [47].  Field studies with transgenic
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soybean harboring the borage Δ6desaturase produced GLA to ~27% and SDA to ~3% in
seed oil [48]. To increase SDA levels in soy, Eckert et al., pyramided the borage Δ6desatur‐
ase with an Arabidopsis Δ15desaturase which converts LA to ALA [49]. It was reasoned that
increased pools of ALA would lead to increased levels of SDA via the Δ6desaturase. This
strategy resulted in soybean lines with 21.6% SDA when grown under greenhouse condi‐
tions. SDA in turn is a precursor for the long chain polyunsaturated fatty acids eicosapen‐
taenoic  acid (EPA) and docosahexaenoic  acid (DHA).  Diets  rich in  these  fatty  acids  are
associated with cardiovascular fitness. While humans and animals possess the enzymatic
machinery to convert SDA to EPA and DHA, diets are often supplemented with EPA and
DHA derived from fish oil since vascular plants lack the genes for synthesis of these fatty
acids. Attempts have been made to assemble these pathways in soybean by using biosyn‐
thetic genes from fungi, algae, and protists along with seed specific co-expression of these
genes [50]. In such experiments EPA levels approached 20% and DHA levels represented
up to 3% of total seed fatty acid content in soybean. The production of such important fat‐
ty acids has significant market potential, particularly with respect to human, poultry, pet,
and aquaculture feed applications.

5.2. Tocopherols

Tocopherols are lipid-soluble antioxidants that are extracted during the commercial process‐
ing of soybean seeds and add to the stability of the oil. In soybean there are four forms of
tocopherols (α, β, γ and δ,) classified by the number of methyl groups present on the mole‐
cule. These molecules are collectively referred to as vitamin E, with δ - and γ -tocopherols
being the most predominant forms in seeds. Biotechnological enhancements of tocopherols
in soybean have mainly focused on increasing the amounts of α-tocopherol since this form
has the highest nutritional value. Attempts to increase total levels of tocopherols have only
been marginally successful. Examples of studies to increase total levels have focused on up-
regulating homogentisatephytyltransferase (HPT) activity in seeds. While HPT catalyzes the
first step in tocopherol synthesis, overexpressing lines resulted in little increase of tocopher‐
ol in transgenic seeds [51, 52]. A modest increase in tocopherol content was achieved by the
expression of corresponding HPT genes from Arabidopsis and Synechocystis with a strong
seed specific promoter [52]. This approach resulted in a 1.5-fold increase of total tocopherol
content. This same group also expressed a bacterial chorismatemutase-prephenate dehydro‐
genase (TYRA) gene with several other enzymes under the control of seed specific promot‐
ers and observed a >10- fold increase in total vitamin E type molecules.

To generate soybean lines with increased levels of tocopherols a more direct approach has
involved overexpression of homogentisategeranylgeranlytransferase (HGGT), an enzyme
involved in the biosynthesis of tocopherols in monocots. Recently transgenic expression of
rice HGGT was expressed in soybean with a seed-specific and constitutive promoter [53].
Transgenic soybean expressing the HGGT gene had significantly higher levels of antioxi‐
dant activities and showed enhanced vitamin E levels associated with the presence of all
forms of tocopherols, including tocotrienols (with the exception of the β- form) which are
not found naturally in soybean.
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Enhanced amounts of α-tocopherol in soybean have proven easier to metabolically engineer.
Expression of genes for two enzymes responsible for methylation of tocopherol head groups
(VTE3 and VTE4) from Arabidopsis were co-expressed within the seed and generated plants
with α-tocopherol levels greater than 90% of total tocopherol content [54]. The total levels of
tocopherol remained the same in these seeds, showing a shift in tocopherol to mainly the α-
form yielding a 5-fold increase in vitamin E activity. This research can lead to soybean oil
with enhanced vitamin E and more nutritional value for consumers.

5.3. Dietary amino acids

Soy is also deficient in several essential dietary amino acids, most notably methionine and
cysteine due to their high sulfur contents. Albumins from Brazil nuts, sunflowers, and corn
have been expressed in soybean and although they resulted in increased methionine and
cysteine levels, they are not adequate enough to avoid supplementation of these amino acids
in animal feed and human diets. The physical synthesis of cysteine is carried out by the en‐
zyme O-acetylserinesulfhydrylase (OASS). In an attempt to increase sulfur containing amino
acids in soybean, Kim et al., overexpressed cytosolic OASS and found that transgenic seeds
contained elevated levels of both protein bound cysteine (58-74%) and free cysteine (22-32%)
[55]. Another approach used to increase sulfur amino acid content in soybean is the use of a
maize zein gene which gives rise to several species of insoluble proteins containing high lev‐
els of methionine. Dinkins et al., overexpressed maize zein in soybean seeds and observed a
12-20% increase in methionine and 15-35% increase in cysteine without adverse effects on
protein composition [56].

The essential amino acids lysine and threonine have also been explored for their potential to
create nutritionally enhanced soybean. An increased level of lysine was observed by geneti‐
cally engineering the lysine biosynthetic pathway to circumvent the normal feedback regu‐
lation of the enzymes aspartokinase and dihydrodipicolinic acid synthase in soybean [57]. In
this case, a >100-fold increase of free lysine and 5-fold increase of total seed lysine content
was observed. More recently, soybeans showing enhanced threonine levels have been engi‐
neered using seed-specific expression of lysine-insensitive variants of aspartate kinases from
bacteria [58]. This strategy produced transgenic soybeans with a 100-fold increase in threo‐
nine levels and 3.5-fold increase in total free amino acid content without negative impacts
on seed morphology or germination. While enhancement of essential amino acids in soy‐
bean seeds has clear potential for commercial applications, it will be important to demon‐
strate that transgenic soybean with increased nutritional enhancement traits also maintain
optimal agronomic characteristics when grown in the field under a variety of conditions.

6. Soybeans as bioreactors for pharmaceuticals

Recombinant proteins are widely used in medicine, research laboratories, food and nutri‐
tion, and play a key role in important agriculture and biopharmaceutical industries. Since
the development of recombinant DNA technology in the early 1970’s, the commercial pro‐
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duction of recombinant proteins has traditionally relied on a variety of protein expression
systems, each with intrinsic advantages and disadvantages. Over the years several methods
have been used to produce recombinant proteins. Traditionally, prokaryotic systems based
on fermentation have been used for the production of biopharmaceuticals and enzymes. The
bacteria Escherichia coli, being one of the earliest and most widely used host for this method,
has been used in the production of human insulin since the 1970’s [59]. Other platforms in‐
clude the use of fungal cells and yeast, which have been used as an expression system that is
able to perform many of the post-translational modifications required by recombinant pro‐
tein production. Recombinant proteins that require more complex modifications can be pro‐
duced using insect or mammalian cells, or transgenic animals. However, major
disadvantages associated with these platforms include the inability to perform complex
post-translational modifications, the alteration in glycosylation patterns affecting protein ac‐
tivity, the high overall cost associated with manufacturing, the potential for contamination,
and long time commitments associated with production in transgenic animals making these
platforms impractical for the production of most proteins.

Over the past two decades, there has been a push for recombinant protein technologies to
move towards more effective expression systems. These systems must be safe, cost-effective,
and conducive to post-translational modifications and processing methods on a large scale.
Transgenic plants represent an economical system for accurate expression of complex re‐
combinant proteins on a large scale. Plant cells combine the potential for full post transla‐
tional modifications and correct protein folding with simple growth requirements. The use
of plants as a platform for recombinant protein production has a low risk of contamination
with prions, viruses, and other pathogens that infect mammalian cells, and therefore offer
advantages that are not associated with existing expression systems. An important advant‐
age of plants as a bioreactor is that recombinant proteins and biopharmaceuticals may be ex‐
pressed in multiple plant organs including seeds which naturally accumulate high amounts
of stored proteins. In general, crops that have higher protein content are more cost-effective
for molecular farming. Among recombinant systems that utilize seeds, soybeans present an
exceptionally high endogenous protein content, which can reach up to 40% of the dry seed
weight. Soybeans are an ideal source of protein for food and feed thus occupying a unique
position as a premier target for genetic engineering, and as a platform for the production of
recombinant protein. An important characteristic favoring expression in soybean seeds is
that these organs have evolved as specialized compartments to store proteins for embryo
nutrition. Based on this, soybean seeds offer an environment with metabolic adaptations
that permit the stable and long-term storage of proteins, reducing the requirement for so‐
phisticated and expensive conditions for storage. This makes it possible to stockpile harvest‐
ed seeds so that the downstream processing can be made available based on the demands of
the industry. Similarly, soybean seeds provide a compact compartmentalization biomass,
which can considerably reduce overall production costs since purification expenses are typi‐
cally inversely proportional to the final concentration in the plant biomass.

The concept of a soy-derived pharmaceutical was tested back in 1995 when Cho et al., devel‐
oped a transformation expression cassette using a soybean seed-specific lectin promoter to
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test for potential expression of the β-glucuronidase reporter gene [60]. This same expression
cassette was used to produce bovine β-casein in soybean which accumulated to 0.1-0.4% of
seed total soluble protein (TSP) [61]. A follow-up paper characterized post-translational
processing, subcellular localization to the PSV, and purification of transgenic β-casein [62].
These proof-of-concept studies showed that a seed-specific promoter could be used to target
stable expression of proteins with commercial value in soybean seed.

6.1. Antibodies

Monoclonal antibodies (mAbs) have played a major role in the advancement of biotechnolo‐
gy and development of mAb-based therapeutics and diagnostics. Plants have great potential
to serve as a platform for the production of antibodies for therapeutic use. One of the first
reports of a functional plant-based antibody was developed in soybean. In an effort to ex‐
plore cost effective methods of mucosal immunoprotection against sexually transmitted dis‐
eases, Zeitlin et al., expressed a humanized monoclonal anti-herpes simplex virus 2 (HSV-2)
antibody in leaf tissue [63]. That study compared purified soy-derived and mammalian cell-
derived HSV-2 mAbs and found that both were similar with respect to stability in human
semen and cervical mucus over a 24 hour period. Both antibodies were also able to diffuse
in human cervical mucus, and were efficacious in preventing vaginal HSV-2 infection in a
murine model.

6.2. Vaccines

When plants are mentioned as a platform for the production of pharmaceuticals, the concept
of edible vaccines often comes to mind. Edible vaccines are desirable since they would elimi‐
nate the use of needles and specialized personnel to administer shots, which may have
broad applicability in developing nations. Soybean seeds represent an ideal target for the
production of vaccines since soymilk-based formulations are safe and can be easily adminis‐
tered orally. Furthermore, soybean seeds are capable of storing vaccine antigens for many
years at ambient temperatures without loss or degradation of the antigen [64-66]. Such fea‐
tures can reduce the need for a cold chain therefore reducing costs.

Vaccines that can be administered at mucosal surfaces offer systemic immunity. Subunit an‐
tigens used to vaccinate orally or nasally are often ineffective and require formulation with a
mucosal adjuvant for increased efficacy. The heat labile toxin (LT) of E. coli is comprised of a
single A subunit (LTA) and pentameric B subunit (LTB) and has been shown to act as both a
strong mucosal adjuvant as well as an antigen [67]. Moravec et al., targeted LTB expression
to the endoplasmic reticulum of seed storage parenchyma cells where it accumulated to lev‐
els up to 2.4% of seed TSP [68]. Mice orally immunized with seed extracts containing LTB
induced both, systemic IgG and mucosal IgA anti-LTB antibody responses. The soybean de‐
rived LTB also increased an antibody response against a co-administered bacterial FimHt
antigen by 500-fold demonstrating that soy-derived LTB may function as an oral adjuvant.

Several subunit antigens have been expressed in soybeans that are important to the agricul‐
tural industry and could lead to effective vaccines. FanC is a specialized adhesion protein
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production of vaccines since soymilk-based formulations are safe and can be easily adminis‐
tered orally. Furthermore, soybean seeds are capable of storing vaccine antigens for many
years at ambient temperatures without loss or degradation of the antigen [64-66]. Such fea‐
tures can reduce the need for a cold chain therefore reducing costs.

Vaccines that can be administered at mucosal surfaces offer systemic immunity. Subunit an‐
tigens used to vaccinate orally or nasally are often ineffective and require formulation with a
mucosal adjuvant for increased efficacy. The heat labile toxin (LT) of E. coli is comprised of a
single A subunit (LTA) and pentameric B subunit (LTB) and has been shown to act as both a
strong mucosal adjuvant as well as an antigen [67]. Moravec et al., targeted LTB expression
to the endoplasmic reticulum of seed storage parenchyma cells where it accumulated to lev‐
els up to 2.4% of seed TSP [68]. Mice orally immunized with seed extracts containing LTB
induced both, systemic IgG and mucosal IgA anti-LTB antibody responses. The soybean de‐
rived LTB also increased an antibody response against a co-administered bacterial FimHt
antigen by 500-fold demonstrating that soy-derived LTB may function as an oral adjuvant.

Several subunit antigens have been expressed in soybeans that are important to the agricul‐
tural industry and could lead to effective vaccines. FanC is a specialized adhesion protein
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located on the bacterial surfaces of Enterotoxigenic E. coli (ETEC). K99 and other ETEC
strains cause acute diarrhea in humans and livestock and can be severe and even cause
death if left untreated. ETEC vaccinations are routinely administered parenterally to preg‐
nant farm animals in order to stimulate systemic immunity and offer protection in new‐
borns. An edible form of this vaccine has the potential to increase efficacy by conferring
mucosal immunity at sites of pathogen invasion. Piller et al., constitutively overexpressed
the bacterial FanC antigen in soybeans and reported stable accumulation to levels represent‐
ing ~0.4% TSP in both leaves and seeds [69]. Mice immunized with adjuvanted soymilk for‐
mulations containing FanC elicited FanC-specific systemic and cellular immune responses
demonstrating immunogenicity of the soy-derived antigen.

In another study a soybean-based vaccine was developed against the virus that causes por‐
cine reproductive and respiratory syndrome (PRRS) [70]. PRRS is a serious health problem
among breeding swine herds and the current vaccine is not efficacious when applied in the
field. Vimolmangkang et al., overexpressed a nucleocapsid protein (PRRSV-ORF7) that ac‐
cumuolated to 0. 64% of seed TSP. Intragastric immunization of mice with transgenic seed
extract, in the absence of adjuvant, induced specific humoral and mucosal immune respons‐
es against PRRSV-ORF7 [70].

6.3. Therapeutics

Protein therapeutic use is limited by the shortfalls in manufacturing capacity and the high
cost of production. While an aging population is a key driver of the protein therapeutics
market, the potential for future growth is dependent largely on the industry overcoming
drug delivery challenges and cost issues. Plants are cost-effective systems that excel at pro‐
ducing complex therapeutic proteins and therefore could help address some of these issues.
The high protein content of soybean seeds, low costs associated with growth, simplified pu‐
rification methods, and safety, make soybean a unique platform for the production of pro‐
tein-based therapeutics.

Russell et al., expressed human growth hormone (hGH) in soybean with transformation cas‐
settes using both the constitutive 35S promoter as well as a soybean seed-specific promoter
7S β-conglycyinin [71]. The resulting expression of hGH, both constitutively and within the
seed, was detected at low levels of 0.0008% TSP. More recently hGH was expressed in soy‐
bean seeds with a more effective expression cassette utilizing the 7S α’ subunit of β-congly‐
cinin promoter and α-coixin signal peptide. In this case, hGH was directed to protein
storage vacuoles within the seed and accumulated to 2.9% TSP. Bioassays demonstrated that
the soy-derived hGH was fully active [66]. The cost of recombinant E. coli-derived hGH is
still a very expensive therapy. Having such a high level of bioactive hGH protein expression
in soybean seeds demonstrates the potential for high-yield production of recombinant pro‐
teins in soybean seeds and could lead to reduce costs for large-scale production of therapeu‐
tic molecules.

Human basic fibroblast growth factor (bFGF) is another high value therapeutic that has been
expressed in soybean seeds [72]. This therapeutic was expressed under the control of the
soybean seed specific G1 promoter and endogenous signal sequence from soybean. The
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bFGF protein accumulated to levels of ~2.3% of seed TSP and biological activity of the trans‐
genic protein was confirmed by its mitogenic activity in mice.

Recombinant expression of Insulin was first reported using E. coli [59] and has since been
commercialized. Like many pharmaceuticals derived from other expression systems, the po‐
tential for contamination along with high costs associated with production remain consider‐
able for this hormone. To show that a soybean expression system could address some of
these issues Cunha et al., used a sorghum γ-kafirin seed storage protein promoter and α-
coixin PSV signal peptide to target recombinant proinsulin expression to soybean seeds [65].
Transgenic protein was stably expressed in seeds though accumulation levels were not re‐
ported. Transgenic seeds containing proinsulin were stable for up to seven years when stor‐
ed under ambient storage conditions.

The soybean platform has also been used to produce a therapeutic for reducing systolic
blood pressure. Novokinin is a hypotensive peptide that has vasorelaxing activity [73]. No‐
vakinin was expressed in soybean seeds under the control of a modified β-conglycinin pro‐
moter and accumulated to 0.5% of seed TSP. A purified soy-derived formulation, as well as
a less pure defatted flour formulation, was orally administered to groups of spontaneously
hypertensive rats. Both the purified and partially purified formulations successfully reduced
systolic blood pressure after a single dose [74].

Haemophilia B is a bleeding disorder that results from a deficiency of human coagulation
factor IX (hFIX). The current treatment for this disease is intravenous infusion of plasma-de‐
rived or recombinant hFIX protein. While this treatment is effective at preventing and ar‐
resting hemorrhage, it is very costly and the protein is difficult to produce in large
quantities. Using a biolistic transformation approach, hFIX expression was targeted to soy‐
bean seeds using the soy 7S promoter and coixin signal peptide [75]. Recombinant hFIX pro‐
tein accumulated to 0.23% of seed TSP, and purified protein exhibited blood-clotting activity
up to 1. 4% of normal plasma demonstrating functionality and efficacy of the soy-derived
protein. The recombinant protein was stable for 6 years when stored at room temperature.

Soybeans are also capable of supporting expression and stable accumulation of large and
complex proteins that can be difficult or impossible to express using current expression sys‐
tems. Human thyroglobulin (hTG) is a 660 kDa homodimeric protein that is used as a pro‐
tein standard and diagnostic for the detection of thyroid disease. To date, no expression
system has been capable of producing a recombinant form of hTG which is likely due to
strict requirements for correct post-translational modification and proper folding during
protein synthesis. As a result, commercial hTG supplied to manufacturers for their assay
kits is derived from cadaver and surgically removed thyroid tissue. The heterogeneity and
lack of uniformity of commercially-purified hTG preparations is a major factor of variation
between kits of different manufacturers. To explore the potential of soybean as a platform
for production of large and complex proteins, Powell et al., used the 7S promoter and en‐
dogenous hTG signal peptide to target recombinant expression of hTG to soybean seeds
[76]. Transgenic lines showed stable expression of full length hTG dimeric protein over mul‐
tiple generations, and accumulated the protein to levels approaching 1.5% of seed TSP.
Functionality of soy-derived hTG was demonstrated with commercial ELISA kits developed
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specifically for the detection of hTG in patient sera. The expression of 660 kDa dimerich TG
appears to be the largest functional recombinant protein expressed in any plant system to
date, and demonstrates the practicality of soy as an alternative system for the expression of
proteins that are recalcitrant to expression in traditional systems [76].

Soybeans have a high intrinsic capacity for protein production and storage. Other than vari‐
ability caused by nutrient modulation or environmental effects, the relative distribution of
seed protein is primarily determined by genetics. Several groups have been able to achieve
recombinant protein expression in soybean seeds at respectable levels (approaching 3% of
seed TSP). However, knowledge of protein distribution in soybeans may help to further
maximize expression levels. Schmidt and Herman tested this theory by overexpressing
Green Fluorescent Protein (GFP) in soybeans with a β-conglycinin suppression background,
to observe whether proteome rebalancing would result in a higher GFP yield [77]. They
found that the rebalancing of intrinsic proteins could be exploited to obtain protein yields
which increased ~4-fold in suppression backgrounds and approached levels representing
>7% seed TSP. Thus, proteome rebalancing may represent a strategy that can be used to de‐
velop soybean lines capable of producing high levels of recombinant proteins in the future.

7. Conclusion

Over the past 25 years, soybean production in the United States has grown by nearly 57%
while during that same period the number of acres used to grow soybeans has increased by
only 24%. It is predicted that the worldwide requirement for grain will rise by 40-70% by the
year 2050, driven in large part by the growing world population and the increase in demand
for protein-rich diets. Clearly the demand for soybean protein and soybean oil is outpacing
grain production, which in turn is outpacing available land for growing soybeans. Over the
next 50 years, farmers will need to produce as much food as they did in the previous 10,000
years combined, and with fewer resources. The identification of various agricultural im‐
provements such as herbicide, insect, and disease resistance which will allow farmers to ob‐
tain increased yields with reduced environmental inputs will be crucial. Traits that not only
increase grain yield, but also improve the absolute levels of soy protein and soy oil within
the seed will also be important for producers and consumers worldwide. While soybean is
recognized for its high protein content, it is also the most widely grown oil-seed crop in the
United States. Enhancing nutritional value of soybean oil will greatly increase the effective‐
ness and value of soy as a food crop, help meet the needs of a growing population, and im‐
prove human health.

Over the past decade, soybean has emerged as an ideal expression platform with potential
to address current healthcare needs. These unmet needs include cost-effective alternatives to
existing protein-based therapeutics, simplified methods for the administration of therapeu‐
tics, and the development of reagents that could lead to better diagnostic assays and novel
medical devices. Soybeans are unique with respect to protein expression platforms. They are
safe to consume, cost-effective to grow, rich in protein content, and stable for years under
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ambient storage conditions. They have been engineered to express a variety of potential
therapeutics, including mAbs, vaccine antigens and adjuvants, hormones, growth factors,
and blood-clotting factors. Seed-based expression of 660 kDa homodimerich TG underscores
the potential of the soybean system to produce large and complex proteins that cannot be
produced in yeast, insect, and mammalian cell cultures. The efficacy of engineered thera‐
peutics in crude soymilk formulations could lead to oral vaccines and therapies that require
little, if any, purification from other seed proteins. Reports demonstrating long-term stabili‐
ty of seed-derived therapeutics in the absence of climate control directly address cold chain
issues associated with vaccines and other therapeutics. With seed protein levels of ~40% and
transgene expression levels approaching 3% of TSP, a single soybean plant yielding 300
seeds can produce >500 mgs of transgenic protein. To put this in perspective, a single soy‐
bean plant can produce 500 doses of a vaccine antigen administered at 1 mg/ml, or alterna‐
tively, $50,000 [USD] of a therapeutic valued at $100/mg [USD].

The use of soybean as a platform for the production of therapeutics represents a technology
with the potential to revolutionize our current approaches to healthcare. Harnessing the full
potential of the soybean platform will depend on further increasing stable transgene expres‐
sion levels, developing efficient purification methods, obtaining interest from pharmaceuti‐
cal partners, and overcoming issues associated with commercialization. The production of
vaccines, antibodies, and other therapeutic proteins will undoubtedly continue to develop
over the next decade. As biotechnology evolves, so does the role of soybean - from the field
to the bedside.

Glossary

EPSPS:5-enolpyruvylshikimate-3-phosphate synthase

PAT:Phosphinothricin-N-acetyltransferase

ALS:Acetolactate synthase

DMO: Dicambamonooxygenase

HPPD:Hydroxyphenylpyruvatedioxygenase

GM:Genetically modified

Bt:Bacillus thuringiensis

Cry1:Crystalline proteins

QTL:Quantitative trait loci

BPMV:Bean pod mottle virus

SMV:Soybean mosaic virus

SbDV:Soybean dwarf virus
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SSR:Sclerotinia stem rot

OA:Oxalic acid

OXDC:Oxalate decarboxylase

CHI:Chitinase

RIP:Ribosome-inactivating protein

scFv:Single-chain variable fragment

SDS:Sudden death syndrome

RKN:Root knot nematodes

SCN:Soybean cyst nematodes

RNAi:RNA interference
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TAGs:Triacylglycerols

DAGS:Diacylglycerols
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HGGT:Homogentisategeranylgeranlytransferase

OASS:O-acetylserinesulfhydrylase

TSP:Total soluble protein

PSV:Protein storage vacuole

mAbs:Monoclonal antibodies (mAbs)
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Chapter 22

Functional Diversity of Early Responsive to
Dehydration (ERD) Genes in Soybean

Murilo Siqueira Alves and Luciano Gomes Fietto

Additional information is available at the end of the chapter
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1. Introduction

In many regions of the world, agriculture is the primary consumer of water. As the world
population increases, and arid regions become more abundant, water will become an in‐
creasingly scarce resource [1]. In 2011, the world’s soybean crops produced 263.7 million
tons from an area of 103,5 million hectares [2]. This global production required an input of
0,2 to 0,25 inch of water per acre per day during peak demand, which represents a major
problem for the producer countries [3]. In Brazil, the second largest soybean producer in the
world, there was a 7% reduction in soybean production in 2011/2012 compared to the previ‐
ous season. This yield loss can be attributed to drought in the soybean-growing regions of
the country, which in turn resulted in increased use of irrigation water in an attempt to min‐
imize yield losses [4].

Understanding the molecular consequences of drought on soybean plants can accelerate
breeding programs aimed at increasing productivity and decreasing the negative impacts of
climate change on this important crop. Several classical physiology reviews from recent dec‐
ades consolidated knowledge of the relationship between leaf structure and function during
drought stress [5,6], the morphology of the root during stress tolerance [5,6] and other as‐
pects of the effects of drought on plant morphology. Understanding the physiological re‐
sponses of plants undergoing drought stress is essential to understanding their ability to
survive the water shortage.

In recent years, due to advancements in plant molecular biology methodologies, molecular
aspects of drought tolerance have received special attention from researchers [7]. To date,
hundreds of genes that are induced by drought stress have been identified and a range of
genetic, biochemical and molecular assays (gene expression profiles, transgenic plants, and
various functional assays), are being used to elucidate the roles of these genes in response to
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drought. However, the complexity of the plant response to drought stress makes it difficult
to identify genes that are responsible for drought tolerance [7]. In physiological terms,
drought stress is characterized by reduction in plant water content, decrease in water poten‐
tial, loss of leaf turgor, stomata closure and reduction in cell growth [8]. Conditions of severe
and prolonged drought result in cessation of photosynthesis, metabolic disorder, and finally
plant death [8].

Many abiotic stresses such as high salt levels and low temperature have similar physiologi‐
cal consequences to drought, and therefore similar signaling pathways are induced [7]. The
similarity of the cold and drought stress response is illustrated by the observation that
plants subjected to drought stress display an increase in frost tolerance [9]. An increase in
osmotic pressure is common to these abiotic stresses [10]. The increased osmolarity induces
transcription of genes encoding proteins involved in synthesis of osmo-protective com‐
pounds, lipid desaturases and transcription factors [11]. Several of these genes have been
frequent targets of genetic engineering in breeding programs aimed at producing cultivars
with increased tolerance to these adverse conditions [11]. These genes are also induced by
other environmental factors such as high salinity and chemical signals such as abscisic acid
(ABA), the main phytohormone related to abiotic stress responses in plants.

ABA serves as an endogenous messenger in response to biotic and abiotic stress in plants.
Drought results in production of high levels of ABA, accompanied by a major shift in global
gene expression in plant cells and, consequently, an adaptive physiological response to the
stress [12]. In addition to stress, ABA also controls other important and finely regulated
processes such as growth and development, structure and regulation of stomatal function
and seed dormancy [13]. During regulation of plant development, ABA also acts in intricate
cross-communication with other important phytohormones, such as gibberellic acid, ethyl‐
ene, auxin and brassinosteroids [13].

How and what environmental stimuli are perceived and result in changes in physiological
levels of ABA is still a difficult issue. Drought stress provides an immediate hydraulic signal
to the plant, which activates ABA biosynthesis over a great distance [14]. High humidity ac‐
tivates cytochrome P450 enzymes that catalyze ABA synthesis minutes after perception of
the stress [15]. Recent studies have shown the importance of the transport driven by absorp‐
tion and export of ABA. Upon perception of the stress signal, ABA synthesis is primarily in‐
duced in vascular tissues, and ABA is exported from the site of biosynthesis to other cells.
The absorption is stimulated by ATP-dependent ABC-family transporters. This mechanism
allows rapid distribution of ABA to the surrounding tissues [16,17].

Although expression of many genes is induced by ABA-dependent responses to drought,
cold and salinity stresses, upregulated genes can be sub-grouped according to the stress
they were found to respond to and also by the timing of induction post stress. Genes includ‐
ed in the RD group (responsive to dehydration) include the drought-induced gene RD26,
which encodes a NAC (NAM/ATAF/CUC plant protein domains)-family transcription factor
[18], ERD (early responsive to dehydration), which includes a gene that encodes a Clp pro‐
tease [19]. The COR (cold regulated), LTI (low-temperature induced) groups of genes in‐
clude LOS2, which encodes a bifunctional enolase [20]. The KIN (cold inducible) group of
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genes includes SCOF-1, which encodes a protein with a zinc finger domain [21]. The KIN
group also contains groups of genes, which also respond to osmotic stress [22-23, 7]. The
products of many of these genes are most likely the main components of the first line of
plant defense against potential structural damage, or they may be components of signaling
pathways such as transcription factors or protein kinases. An example is induction of the
gene COR15a; the Arabidopsis homolog ERD1 prevents the injury to the chloroplast mem‐
brane [24]. Another gene, GmERD15, from the ERD15 gene family in soybean, acts as a tran‐
scription factor, which regulates gene transcription related to programmed cell death [25].

2. The Early Responsive to Dehydration (ERD) genes and their functional
diversity

The ERD genes are defined as those genes that are rapidly activated during drought stress.
The encoded proteins show a great structural and functional diversity and constitute the
first line of defense against drought stress in plants (Table 1).

To date, a total of 16 complementary DNAs (cDNAs) for ERD genes have been isolated from
1-h-dehydrated Arabidopsis thaliana and only half of these are characterized in soybean.
These genes encode proteins that include ClpA/B adenosine triphosphate (ATP)-dependent
protease, heat shock protein (HSP) 70-1, S-adenosyl-methionine-dependent methyltransfer‐
ases, membrane protein, proline dehydrogenase, sugar transporter, senescence-related gene,
glutathione-S-transferase, group II LEA (Late Embryogenesis Abundant) protein, chloro‐
plast and jasmonic acid biosynthesis protein, hydrophilic protein, and ubiquitin extension
protein.

Gene / GenBank

accession number

Function Reference Best hit on soybean

genome / E value.

Similar

genes in

soybean

ERD1/D17582* ClpA/B ATP-dependent

protease

[26] Glyma04g38050.1/8.9e-54 45

ERD2*/M23105 Heat shock protein

(hsp70-i)

[26] Glyma12g06910.1/ 1.7e-37 45

ERD3/NP_567575.1* Methyltransferase

PMT21

[27] Glyma01g35220.4/ 1.7e-99 100

ERD4/NP_564354.1 Integral membrane

protein

[28] Glyma15g09820.1/ 1.8e-61 28

ERD5/D83025 Precursor of proline

dehydrogenase

[29] Glyma18g51400.1/ 2.1e-27 5

ERD6/D89051 Sugar transporter [30] Glyma03g40160.1/ 6.15e-2 100
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Gene / GenBank

accession number

Function Reference Best hit on soybean

genome / E value.

Similar

genes in

soybean

ERD7/NP_179374.1 Senescence/

dehydration related

protein

[31] Glyma01g36960.1/ 3.5e-43 9

ERD8/Y11827 Heat shock protein

hsp81-2)

[26] Glyma08g44590.1/0 22

ERD9/NP_172508.4* Glutathione-S-

transferase

[32] Glyma01g04710.1/ 9.9e-22 87

ERD10/D17714* Group II LEA protein

(lti29/lti45)

[33] Glyma04g01130.1/ 4e-8 3

ERD11/D17672 Glutathione-S-

transferase

[32] Glyma02g17340.1/ 1.7e-5 52

ERD12/NP_189204.1* Allene oxide cyclase [40] Glyma02g11020.1/ 2.3e-36 6

ERD13/D17673 Glutathione S-

transferase

[32] Glyma08g41960.1/ 3.7e-39 63

ERD14/D17715 Group II LEA protein [33] No homologs identified 0

ERD15/D30719* Hydrophilic protein [35] Glyma04g28560.1/ 3.5e-26 4

ERD16/J05507* Ubiquitin extension

protein

[33] Glyma03g35540.1/ 6.6e-50 100

Table 1. ERD genes and their homologs in soybean. (*) Indicates the characterized genes in soybean.

The ERD gene family has been collectively characterized as genes that are rapidly induced
by dehydration [26]. ERD1 encodes a chloroplast ATP-dependent protease [26] and ERD2
encodes a, HSP70 [26], ERD3 encodes a methyltransferase in the pMT21 family [27], ERD4
encodes a membrane protein [28], ERD5 and ERD6 encode a mitochondrial dehydrogenase
proline protein and a carbohydrates carrier protein, respectively [29-30]. ERD7 encodes a
protein related to senescence and dehydration [31], ERD8 encodes a hsp81-family protein
[26], ERD9, 11 and 13 belong to the family of glutathione S-transferase [32], ERD10 and 14
belong to the LEA protein family [33], ERD15 was first classified as a hydrophilic protein
[34], which has a PAM2 interaction domain which interacts with poly-A tail binding pro‐
teins (PABP) [35].

ERD15 from Arabidopsis has been functionally characterized as a common regulator of the ab‐
scisic acid (ABA) response and salicylic acid (SA)-dependent defense pathway [35]. Overex‐
pression of ERD15 reduced ABA sensitivity, as the transgenic plants had reduced drought
tolerance and failed to increase their freezing tolerance in response to hormone treatment [35].
In contrast, loss of ERD15 function due to gene silencing caused hypersensitivity to ABA, and
the silenced plants displayed enhanced tolerance to both drought and freezing. The antagonis‐
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tic effect of ERD15 activity on ABA signaling enhanced SA-dependent defense; overexpres‐
sion of ERD15 was associated with increased resistance to the bacterial necrotroph Erwinia
carotovora and enhanced induction of systemic acquired resistance reporter genes [35]. The au‐
thors also addressed the antagonistic effect of ABA on SA-mediated defense by demonstrat‐
ing the enhanced expression of reporter genes for systemic acquired resistance in the plant null
mutants abi1-1 and abi2-1, which are defective for ABA metabolism. These results together im‐
plicate Arabidopsis ERD15 as a shared component of ABA- and SA-mediated responses. The
ERD15 homologs from Solanum licopersicum are 98% identical and belong to the same group
as Arabidopsis ERD15, indicating a possible conservation of function [36]. Nevertheless, the to‐
mato protein clearly localizes to the nucleus and confers freezing tolerance when ectopically ex‐
pressed in  transgenic  tomato plants.  These phenotypes  are  in  marked contrast  with the
phenotypes displaying by ERD15-overexpressing Arabidopsis lines [35]. These contrasting re‐
sults in transgene overexpression studies suggest that the Arabidopsis and tomato ERD15 ho‐
mologs have divergent functions. Finally, a soybean homolog, GmERD15, has been described
as an ER stress- and osmotic stress-induced transcription factor that activates the promoter and
induces the expression of the NRP-B gene. These results indicate that GmERD15 functions as an
upstream component of the NRP-mediated cell death signaling pathway, which is induced by
ER and osmotic stress [37].

ERD16 encodes a ubiquitination extension protein [33]. Previous studies also showed that
ERD13/AtGSTF10, a plant phi specific class GST ( Glutathione S-transferase) is an interac‐
tion protein with BAK1 (BRI1 Associated receptor Kinase 1). BAK1 is a co-receptor, which
forms a receptor complex with BRI1 (brassinosteroid (BR) receptor) to regulate brassinoste‐
roid signaling in Arabidopsis. Overexpression of AtGSTF10 resulted in plants with in‐
creased tolerance to salt stress. In contrast, silencing AtGSTF10 by RNAi caused increased
tolerance to abiotic stress and accelerated senescence of the transformants [38]. These find‐
ings suggest that modulation of ERD13/AtGSTF10 may regulate plant stress responses by
regulating brassinosteroid signaling via interaction of AtGSTF10 with BAK1. ERD10 and 14
have chaperone activity, which aid in protein folding during stress [39]. ERD12 encodes a
protein with homology to an allene oxide cyclase [40].

With respect to expression controlled by phytohormones, ERD genes present varied functions
and responses in ABA signaling, some being sensitive to ABA during germination and devel‐
opment [41], and /or are involved in stress tolerance [42]. Other genes are induced in response
to more than one phytohormone [35]. Early Responsive to Dehydration 15 (ERD15) was char‐
acterized as a negative regulator of ABA and is induced by ABA, SA, injury and pathogen in‐
fection [35]. ABA application increases the expression of some members of the ERD group
including ERD10 and 14 [34] while causing no effect on others, such as ERD2, 8 and 16 [33].

Some contradictory data regarding the induction, as well as the function, of ERD genes are
present in the literature [35-37]. Reduced expression of the ERD15 gene in response to
wounding was reported [43], while an increased number of ERD15 transcripts were ob‐
served by other authors [35]. Furthermore, Arabidopsis plants showed increased tolerance
to salt stress through the overexpression of AtSAT32, a key gene in the salinity-tolerance
family Arabidopsis. These plants showed an increase in the number of ERD15 transcripts
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relative to control plants [44]. Transgenic wheat plants over-expressing TaDi19A, a gene re‐
sponsive to salinity in wheat, exhibited increased expression of ERD15 [45]. In contrast to
these findings, Arabidopsis plants over-expressing ERD15 demonstrated susceptibility to
drought and freezing [35]. In regard to function, a soybean ERD15 homolog was character‐
ized as a transcription factor [25], a function not previously attributed to this protein family,
as reported by Kariola and colleagues [35] and Ziaf and colleagues [36].

3. The ERD genes studied in soybean

In respect to ERD genes described in soybean, the behavior of a group of eight genes (ERD1,
ERD2, ERD3, ERD9, ERD10, ERD12, ERD15 gene and ERD16) was studied in response to
stress. A soybean cDNA ERD1, homologous to yeast Hsp104, was isolated and characterized
[46]. The soybean genes encoding homologs to yeast Hsp104 and Hsp101 have a high level
of sequence identity to members of the family Clp [46]. When heterologously expressed in
yeast, the soybean Hsp101 gene conferred greater thermotolerance to yeast [46]. Several
genes related to Hsp70 (ERD2) have been described in soybean using proteomics studies.
The first evidence of an ERD2-like protein in soybean was found during heat shock [47]. The
presence of similar proteins was also found in response to osmotic and reticulum stress [48].
In respect to the orthologs of ERD3 in soybean, it was found that the GmIMT gene, which
encodes a methyltransferase, acts by methylating the substrate D-ononitol. Its overexpres‐
sion in Arabidopsis causes an increase in drought and salinity tolerance [49]. When a gene
encoding a soybean GST, an ortholog of ERD9, was over-expressed in tobacco plants, it con‐
ferred an increase in salinity and drought tolerance [50].

Group 2 LEA (dehydrins or responsive to abscisic acid) proteins, such as ERD10 proteins,
are postulated to protect macromolecules from damage by freezing, dehydration, ionic, or
osmotic stress. In soybean, proteins of this group were studied for their structural and phys‐
io-chemical properties but little is discussed regarding the function of these proteins [51].
Overexpression of a member of the ERD12 family, GmAOC5, significantly increased oxida‐
tive stress resistance [52]. Within the ERD15 family, a soybean ortholog, GmERD15 has been
functionally characterized as a transcription factor; in response to osmotic stress, GmERD15
acts to control transcription of a gene related to an integrative pathway in soybean [25]. Fi‐
nally, orthologs of ERD16 studied in soybean genes were identified with differential expres‐
sion during flood stress and hypoxia [53]. All genes studied related to different levels in
response to stress, particularly drought and osmotic stress, demonstrating the conservation
of function of this gene family in different plant species.

Some ERD genes not yet studied in soybean deserve special attention because of either the
proven involvement of a gene with similar functions in drought response in other organ‐
isms, or due to multiple copies of the soybean homolog. ERD5 and ERD7 family members
have been characterized by activity in response to drought in other organisms (discussed be‐
low). They have not been studied in soybean; however, homology to soybean genes is dem‐
onstrated by the phylogenic tree shown in Figure 1.
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ERD5 (which encodes a precursor of a proline dehydrogenase), has five orthologous genes
in soybean. ERD5 has a proven role in drought response due to its role in accumulation of
proline [54], a common occurrence during osmotic stress. All soybean genes are clustered in
a group distinct from orthologs in other species (Figure 1), which may reflect a possible
functional divergence.

ERD7 (which encodes a protein related to senescence and dehydration) has nine orthologous
genes in soybean. It also has a central role in response to drought and osmotic stress and it is re‐
lated with drought-induced leaf senescence in plants [55]; regulation of this process during
drought tolerance has been studied in depth [55]. Phylogenetic analysis of these genes sug‐
gests the possibility of functional divergence of these genes within the same organism.

Figure 1. Relatedness of ERD5 (panel A) and ERD7 (panel B) proteins from different plant species. The multiple align‐
ment was made using ClustalW, and the dendrogram was built with the MEGA5 software using the UPGMA method.
The numbers at the nodes indicate the bootstrap scores. The proteins accession numbers are indicated.

4. Conclusion

Many studies on the roles and importance of ERD genes in soybean have become necessary
due to lack of information about the importance of this group of genes during plant re‐
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sponse to drought. The common feature of these genes is that their expression increases rap‐
idly in response to drought stress, suggesting that it is the first line of defense for plants
against drought stress. It also suggests these genes may function to regulate expression of
effector proteins and signaling pathways in response to stress.
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1. Introduction

Soybean (Glycine max (L.) Merrill) is a model legume crop, widely grown in the world for hu‐
man consumption or animal fodder. Moreover, soybeans have gained worldwide research in‐
terest in many public laboratories and industrial sectors. Soybean seeds contain protein, oil,
carbohydrates, dietary fibers, vitamins, and minerals. For the last few decades the majority of
research laboratories have been investigating genetic traits to improve the yield of protein or
oil in soybean seeds through genetic engineering, thereby achieving improved quantity and
quality of soybean seeds. Until now, most of the transformation experiments have implement‐
ed a single functional gene not multiple genes. Those agronomically and economically impor‐
tant traits affect the enhancement of grain quantity and quality [1]. However, the majority of
agronomic and genetic traits such as complex metabolic, biological, and pharmaceutical path‐
ways are polygenetic traits and are produced in a complex pathway. Therefore, those traits are
encoded and regulated by a number of genes. In an attempt to study and manipulate those
pathways, the transfer of multigene or large inserts into plants have been developed by multi‐
gene engineering technology and have also been involved in metabolic engineering. Several
examples of multigene or large insert transfers have been reported such as the application of
carotenogenic genes in rice, canola, and maize [2-4], and of polyunsaturated fatty acid and vi‐
tamin E genes in soybean and Arabidopsis [5-7]. Therefore, reliable systems for transforming
large DNA fragments into plants make it feasible to introduce a natural gene cluster or a series
of previously unlinked foreign genes into a single locus.

Over the last two decades, the transfer of DNA into plant cells has been achieved by using
several methods. In soybeans, the most frequently employed plant genetic engineering
methods are Agrobacterium-mediated transformation and particle bombardment. Both sys‐
tems have successfully been used in genetic transformation of soybean. Since the initial re‐
ports of fertile transgenic soybean production [8-9], various efforts have been made to
improve the transformation efficiency and to produce transgenic soybean. Particularly, the
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preferred and reproducible transformation is the use of the cotyledonary node as a plant
material, which is based on Agrobacterium-mediated gene transfer [10-12]. Nevertheless, new
methods have been developed for more efficient soybean transformation. There still remain,
however, many challenges for genotype- and tissue- specific independent transformation of
soybean. This review provides an overview of historical efforts in developing and advanc‐
ing soybean regeneration and transformation systems. In addition, recent advances and
challenges in soybean transformation are discussed.

2. Different approaches for soybean transformation

In soybean transformation, two major methods are now widely utilized: Agrobacterium-medi‐
ated transformation of different explant tissues and particle bombardment. The Agrobacteri‐
um-mediated method, as a simple protocol, does not require any specific or expensive
equipment. Moreover, this method usually produces single or low copy numbers of inser‐
tions with relatively rare rearrangement [13]. On the other hand, bombardment technique
directly introduces desired genes into the target plant cell with small tungsten or gold parti‐
cles [9]. The success of this approach critically depends upon the ability of the target tissue
to proliferate as well as proper pre-cultures to make a target plant.

2.1. Cotyledonary-node-based transformation

The routine regeneration system was first reported by using the mature cotyledonary-node
[14]. The multiple adventitious buds and shoots from explant tissues were proliferated and re‐
generated on culture media containing cytokinin by organogenesis. The transgenic soybean
plants have been successfully and reproducibly produced using mature or immature cotyle‐
don explants via Agrobacterium-mediated transformation. Hinchee et al. [8] for the first time re‐
ported the production of fertile transgenic soybean plants using mature cotyledonary-node by
Agrobacterium-mediated transformation, but transformation efficiency was very low. The sys‐
tem employed the neomycin phosphotransferase II (NPT II) gene as a selectable marker and
combined kanamycin as a selective agent. However, this selection was addressed with a prob‐
lem of regeneration of non-transgenic or chimeric shoots at the shoot formation stage. More‐
over,  the  system  was  highly  genotype-dependent.  To  overcome  the  high  genotype-
dependency and high chimerism problems by the NPT II selection and develop a new selection
system for soybean transformation, Zhang et al. [10] developed the selection system employ‐
ing herbicide bialaphos resistance (bar) gene as a selectable marker coupled with glufosinate as
a selective agent. This system enabled to transform many soybean genotypes with stable trans‐
gene inheritance, albeit transformation efficiency remained to be improved. Meanwhile, to
solve the escape problem caused by kanamycin selection, Clemete et al. [15] deployed the her‐
bicide glyphosate as a selective agent, leading to high stringent selection and good transgene
inheritance. It was discovered later that addition of various thiol compounds in the co-cultiva‐
tion medium significantly increased the transformation efficiency [11, 16-17]. These thiol com‐
pounds, as antioxidants, reduce the oxidative burst that caused tissue browning or necrosis
and also promote organogenesis and shoot growth from buds [18].
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Recently, an alternative cotyledonary explant derived from mature soybean seed for Agro‐
bacterium transformation has been reported by Paz et al. [19]. The term half-seed explants
were used as an experiment material and fertile transgenic plants were attained.

In fact, several laboratories have contributed to enhanced soybean transformation using a
cotyledonary-node explant. To overcome the low transfer of Agrobacterium into plant cell,
the infection media were first amended with the phenolic compound, 4'-Hydroxy-3',5'-dime‐
thoxyacetophenone (acetosyringone), to induce expression of the virulence (Vir) genes
[20-21]. To increase the infection sites, Trick and Finer [22] evaluated cotyledonary node
transformation efficiency using a developed sonication assisted Agrobacterium-mediated
transformation (SAAT) protocol. Although this treatment was not able to obtain fertile
transgenic plants, the increase of Agrobacterium transfer was shown. Olhoft et al. [16-17] dis‐
covered that thiol compounds enhanced Agrobacterium infection in soybean. At the same
time, however, these compounds caused counter-selection effect when glufosinate was used
as a selective agent under previously published selection conditions. To solve this problem,
Olhoft et al. [11] developed Hygromycin phosphotransferase (HPT II) selection system using
hygromycin B as a selective agent. This has led to a substantial increase in transformation
frequency. Transformation efficiency with thiol compounds was increased 5-fold by using
refined glufosinate selection [12].

Since the transformation process by use of kanamycin or hygromycin B as selection agent
has been proven to be genotype-dependent, the most widely used selection system has been
the combination of bar gene with the herbicide phosphinothricin (glufosinate) [10, 12]. In
this selection system, the concentration of agent glufosinate greatly affects the transforma‐
tion frequency [12], so the appropriate selection schemes can be varied among genotypes,
seed vigor and other in vitro culture conditions.

Figure 1. Scheme for genetic transformation of soybean (Glycine max (L.) Merrill) cotyledonary nodes.

An Overview of Genetic Transformation of Soybean
http://dx.doi.org/10.5772/51076

491



2.2. Immature embryos-based transformation

The regeneration using immature embryos via somatic embryogenesis was first reported by
Christianson et al. [23]. The immature embryos excised from soybean pods were suspended on
semi-solid media or liquid media containing high concentration of auxin, 2,4-Dichlorophe‐
noxyacetic acid (2,4-D), and the whole plantlets were recovered [24-25]. After immature em‐
bryos were developed as an alternative plant material, transgenic plants were first obtained
from this explant tissue via particle bombardment [26]. This system has been exclusively used
to produce transgenic soybean such as glyphosate tolerant, hygromycin resistance, and Bacil‐
lus thuringiensis (BT) transgenic soybean [27-29]. As the formation of proliferative embryogen‐
ic tissue depends on genotype, the use of immature embryos for transformation has been
limited to few genotypes cultivars including “Jack” and “Williams 82.”

The use of particle bombardment with immature embryos tends to be highly variable, and
multiple copies of the introduced DNAs are commons. Moreover, this problem has com‐
pounded with aged embryogenic suspension cultures from which a high percentage of re‐
generated plants lost their fertility [29]. In spite of this limitation, the embryogenic cultures
have several advantages, one of which is its relatively high transformation efficiency and
less chimeric plants recovered.

2.3. Embryogenic shoot tips-based transformation

The embryonic shoot tip explant is another source of explant which has been used for soy‐
bean transformation. McCabe et al., [30] first reported the stable transformation using meris‐
temic cell, shoot apex, by particle acceleration. The shoot derived from these meristems via
organogenesis has been produced to form multiple shoots prior to mature plants. However,
all of the primary transgenic plants were chimeric. Martinell et al., [31] described the suc‐
cessful method using meristemic shoot tip from germinated seedling by Agrobacterium-
mediated transformation. This system has provided rapid and efficient soybean
transformation. Liu et al. [32] also reported the regeneration system using embryonic shoot
tips by shoot organogenesis. The explants have been shown the high regeneration and the
transformation efficiencies using Agrobacterium-mediated with up to 15.8%.

2.4. Immature cotyledonary-nodes

The regeneration capacity of immature cotyledonary-node was found by Parrott et al [33].
Based on this regeneration system, first transgenic soybean plants have been developed by
Agrobacterium tumefaciens [34]. This system was tested using two different Agrobacterium
strains, LBA4404 and EHA101 and deploying kanamycin selection. The system utilized aux‐
in 1-Naphthaleneacetic acid (NAA) for plant regeneration. Although these systems allowed
development of transgenic plants from the explants, no fertile transgenic plants were recov‐
ered. Recently, Ko et al [35] described the efficient transformation system using immature
cotyledonary-nodes by Agrobacterium-mediated transformation, but transformation efficien‐
cy was still very low.
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bean transformation. McCabe et al., [30] first reported the stable transformation using meris‐
temic cell, shoot apex, by particle acceleration. The shoot derived from these meristems via
organogenesis has been produced to form multiple shoots prior to mature plants. However,
all of the primary transgenic plants were chimeric. Martinell et al., [31] described the suc‐
cessful method using meristemic shoot tip from germinated seedling by Agrobacterium-
mediated transformation. This system has provided rapid and efficient soybean
transformation. Liu et al. [32] also reported the regeneration system using embryonic shoot
tips by shoot organogenesis. The explants have been shown the high regeneration and the
transformation efficiencies using Agrobacterium-mediated with up to 15.8%.

2.4. Immature cotyledonary-nodes

The regeneration capacity of immature cotyledonary-node was found by Parrott et al [33].
Based on this regeneration system, first transgenic soybean plants have been developed by
Agrobacterium tumefaciens [34]. This system was tested using two different Agrobacterium
strains, LBA4404 and EHA101 and deploying kanamycin selection. The system utilized aux‐
in 1-Naphthaleneacetic acid (NAA) for plant regeneration. Although these systems allowed
development of transgenic plants from the explants, no fertile transgenic plants were recov‐
ered. Recently, Ko et al [35] described the efficient transformation system using immature
cotyledonary-nodes by Agrobacterium-mediated transformation, but transformation efficien‐
cy was still very low.
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2.5. Hypocotyl based transformation

Another type of explant tissue, hypocotyl, was also investigated with 13 different soybean
genotypes. Most of the genotypes initiated shoots from this type of explant [36]. This meth‐
od was reported to be genotype-independent regeneration protocol via organogenesis and
utilized the acropetal end of a hypocotyl section from a 7-day old seedling. Despite inducing
adventitious shoots from the explant, most recovered shoot did not matured in the soil.
Wang et al [37] reported successful production of fertile transgenic plants using hypocotyl-
based Agrobacterium-mediated transformation. To improve the transformation system, two
different chemicals, cytokinin hormone 6-Benzylaminopurine (BAP) and silver nitrate, were
added to the shoot formation media. In spite of the term “hypocotyl” used in the above
transformation system, the true tissues responsible for regeneration are actually the preexist‐
ing meristem tissues located at the nodal area of the cotyledon, essentially the same source
of tissue as cotyledonary-nodes [17] except that cotyledons were removed [45, 46].

2.6. Leaf tissue-based transformation

The reproducible regeneration methods for whole plants from primary leaf tissue or epico‐
tyls were first reported by Wright et al [38]. The multiple shoots from those explants were
continually initiated and proliferated with cytokinin BAP hormone. Rajasckaren et al [39]
described regeneration of several varieties of soybean by embryogenesis from epicotyls and
primary leaf tissues, thereby inducing fertile plants from those explants. Kan et al [40] first
tested transformation efficiency using epicotyls and leaf tissues by Agrobacterium tumefaciens.
To find out proper transformation condition for those explants, they investigated different
Agrobacterium strains, EHA101 and LBA4404, but also different treatments on inoculation
stage, sucrose and mannose.

3. Agrobacterium-mediated transformation of soybean

3.1. Agrobacterium-mediated transformation mechanism

Agrobacterium is a unique organism to generate transgenic plants and in natural conditions
[41]. It allows introduction of a single stranded copy of the bacterial transferred DNA (T-DNA)
into a host cell and integration of the genomic DNA of interest, resulting in genetic manipula‐
tion of the host. Since the development of disarmed tumour-inducing (Ti) plasmid [42-43],
Agrobacterium has been used to transform various major crops for genetic modification [44-46].

Agrobacterium recognizes wounded host plant cells which produce penolic compounds such
as acetosyringone as inducers of vir gene expression [47], and attach to the plant cells to ex‐
port the T-DNA after virulence (Vir) protein activation. Acetosyringone is now routinely
used for improving transformation efficiency. After vir gene activation, a single stranded T-
DNA copy (T-strand) is transferred into the plant by type IV secretion system (T4SS) which
is related to VirB complex [48]. The VirB complex is composed of at least 12 proteins
(VirB1-11 and VirD4) which form a multisubunit envelope-spanning structure [49]. Various
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Agrobacterium proteins, such as VirD2-T-DNA, VirE2, VirE3, VirF, and VirD5, pass though
VirB complex to transfer into plant cells [50-51]. VirE2 and VirD2 interact with cytosolic T-
DNA in the plant cells and form a complex which is later imported into the nucleus when it
is bound to VIP1 plant protein [52-55]. Recently, Gelvin et al., hypothesized that T-complex
(T-DNA, VirE2, VirD2 and VIP1) is imported into the nucleus through actin cytoskeleton
and thus myosin may be involved in Agrobacterium-mediated transformation [56]. However,
the specific mechanism of T-DNA movement through myosin is still unknown.

The T-complex is imported into the nucleus by the phosphorylation of VirE2 Interacting
Protein 1 (VIP1), induced by mitogen-activated protein kinase (MAPK), such as MPK3 [55].
After T-complex is imported into the host nucleus, VirE2 and VIP1 need to be degraded be‐
fore T-DNA integration by a subunit of the SCF (SKP-CUL1-F-box protein) ubiquitin E3 li‐
gase complex. Not only Agrobacterium protein VirF but also protein VBF can mark VIP1
protein for the degradation. Furthermore, binding of VIP1-binding F-box (VBF) to T-com‐
plex can induce the degradation of VIP1 and VirE2 by the 26S proteosome, and at the end T-
strand is integrated into plant genomic DNA and expressed in the host plants [57-58].

3.2. History of Agrobacterium-mediated soybean transformation research

Among various transformation technologies, Agrobacterium-mediated transformation meth‐
od has shown to be effective for the production of transgenic soybeans because of straight‐
forward methodology, familiarity to researchers, minimal equipment cost, and reliable
insertion of a single transgene or a low copy number [13]. Till now, a number of reports
have been published related to the optimum condition to achieve a high yield of soybean
transformation; such as Agrobacterium inoculation conditions, regeneration media compo‐
nents, etc. For Agrobacterium-mediated transformation methods, the susceptibility of soy‐
bean to Agrobacterium and various Agrobacterium strains have been tested to improve the
transformation efficiency (Table 1). Also, Agrobacterium strains and growth conditions which
affect the soybean transformation efficiency have been published [8, 59-62]. After Pederson
et al., [46] and Owens et al., [59] showed the susceptibility of certain soybean genotypes
against tumor induction, Agrobacterium biology study has been advanced to enhance trans‐
formation efficiency. In addition to Agrobacterium biology study, chemical contents for inoc‐
ulation have been studied such as varying acetosyringone and syringaldehyde
concentrations [63]. For high inoculation efficiency, Mauro et al., [64] tested various Agrobac‐
terium biotypes (nopaline, agropine and octopine) to identify the most effective Agrobacteri‐
um biotype for soybean transformation.

After Hinchee et al., [8] developed Agrobacterium-mediated soybean transformation meth‐
ods, many Agrobacterium strains have been tested and employed, such as EHA101, EHA105,
LBA4404 and AGL1. Parrott et al., [33] showed that EHA101 was highly potent to transform
immature soybean cotyledons, especially PI283332, and had higher recovery of transformed
plants over LBA4404. Dang and Wei [65] tested transformation efficiency using embryonic
tips instead of cotyledonary explants and somatic embryos, and when embryogenic tips
were infected for 20 hours, hypervirulent strain KYRT1 showed increased efficiency over
EHA105 and LBA4404.
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Recently, A. tumefaciens KAT23 (AT96-6) which has an ability to efficiently transfer the T-
DNA into soybean, was isolated from peach root. After 20 stains were confirmed by com‐
mon bean and soybean transformation, Yukawa et al. [66] tested their potential availability
as legume super virulent A. tumefaciens in various soybean cultivars (Peking, Suzuyutaka,
Fayette, Enrei, Mikawashima, WaseMidori, Jack, Leculus, Morocco, Serena, Kentucky Won‐
der and Minidoka). Without modifying vectors or vir function, they showed that KAT23
(AT96-6) has a high potential to function as a common strain to increase soybean transfor‐
mation efficiency. Therefore, this study identified a novel soybean super virulent A. tumefa‐
ciens strain which transferred not only the T-DNA of the Ti-plasmid but also introduced T-
DNA of the binary vector efficiently. These results indicate that KAT23 (AT96-6) has the
ability to transform soybeans at high efficiency.

There has been a significant improvement in soybean transformation over the past two deca‐
des. However, the efficiency of soybean transformation is not great enough for practical needs
and shows high variation. Thus, considering the potential application of soybean transforma‐
tion, the importance of Agrobacterium can’t be over-emphasized.

Strain of A.

tumefacients
Soybean genotype

Selection
Reference

Marker Agent

A208 Peking, Maple Prest npt II kanamycin (8)

AGL1 Bert bar phosphinothricin (67)

EHA101 Williams 82 bar glufosinate (12)

EHA101 Williams, Williams 79, Peking, Thorne bar glufosinate or

bialaphos

(68)

EHA101 Thorne, Williams, Williams 79, Williams

82

bar glufosinate (19)

EHA105 AC Colibri npt II kanamycin (69)

EHA105 Hefeng 25, Dongnong 42, Heinong 37,

Jilin 39, Jiyu 58

hpt hygromycin (70)

EHA105 A3237 bar glufosinate (10)

LBA4404 Jungery bar phosphinothricin (71)

LBA4404, EHA105 Bert hpt hygromycin (11)

Table 1. Summary of cotyledonary-node transformation system.

4. New directions of soybean genetic engineering, skills and vectors

To date, the Agrobacterium- and biolistic-mediated transformation methods remain the very
successful methods in soybean transformation, whereas other available transformation tech‐
nologies have not been practical in soybean, which include electroporation-mediated trans‐
formation [72], PEG/liposome-mediated transformation [73], silicon carbide-mediated
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transformation [74], microinjection [75] and chloroplast-mediated transformation [76]. Of
these two, Agrobacterium-mediated transformation has become more adapted in public labo‐
ratories worldwide. On the other hand, there are unintended insertions such as unwanted
antibiotic markers and promoters, which can be inserted during transformation. This prob‐
lem has raised potential biosafety issues related to environmental concerns and human
health risks. To overcome these potential risks, methods of developing marker free trans‐
genic plants have been developed, such as cotransformation [77], transposon-mediated
transformation [78] and site-specific recombination [79].

Among the various methods, co-transformation system is one of the most commonly used
methods to produce marker free transgenic plants. In co-transformation systems, a marker
gene and genes of interest are placed on separate DNA molecules and introduced into plant
genomes. Then, the non-selectable genes segregate from the marker gene in the progeny
generations. Most strains of A. tumefaciens have the ability to contain more than one T-DNA,
and crown gall tumors were often co-transformed with multiple T-DNAs [42]. As a result,
there are two possibilities; Multiple T-DNAs were delivered into plant cells either from a
mixture of strains ('mixture methods') or from a single strain ('single-strain methods'). De‐
picker et al. [80] described that a single strain method was higher in efficiency than a mix‐
ture method. For a single-strain method of co-transformation, Kamori et al., [77] tested co-
transformation method to develop a suitable superbinary vector system. Using the unique
plasmids which carried two T-DNA segments marker free rice and tobacco were produced
and evaluated. LBA4404, a derivative of an octopine strain, were used for these co-transfor‐
mation methods and they hypothesized that LBA4404 may be an important factor contribu‐
ting to the high frequency of unlinked loci.

To improve plant genetic traits, many soybean research labs have developed tools for soy‐
bean functional genomics, such as several libraries containing large inserts of bacterial artifi‐
cial chromosome (BAC) and plant transformation competent binary plasmids clone (BIBAC)
(81). In functional genomic research, bacterial artificial chromosome (BAC) is a single copy
artificial chromosome vector and is based on the E. coli fertility (F-factor) plasmid. They are
not only stable in host cell, but also are used for large scale gene cloning and discovery [82].
However, some BAC libraries that are desirable for functional genomics are often not ame‐
nable for transformation directly into plants because of their large subclones. Therefore, bi‐
nary bacterial artificial chromosome (BIBAC) libraries have been developed for
Agrobacterium-mediated plant transformation and gene functional complementation. The BI‐
BAC library is based on BAC vector and has both an F-factor plasmid for replication origin
of E.coli and an Ri plasmid for replication origin of Agrobacterium rhizogenes. The vector also
has a sacB gene as a positive selection for E. coli and a selectable marker gene for plant. Since
BIBAC vectors were reported, these vectors have been used for plant transformation in
some model plant species including tobacco, canola, tomato, and rice [83-86]. Although the
transformation efficiency was very low, the BIBAC vectors have been successfully employed
to transfer large inserts into those crops as a single locus via Agrobacterium-mediated trans‐
formation. The introduced T-DNA was stably maintained and inherited through several
generations and no gene silencing was observed [85]. However, soybean transformation us‐
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ing a BIBAC vector has not been achieved to date. Moreover, plant transformation with
DNA fragments below 20 kb is routine whereas the stable plant transformation with DNA
fragments larger than 50 kb is challenging.

5. Zinc finger nucleases (ZFNs) and transcription activator-like effectors
(TALEs)

Although many methods have been developed, soybean is considered a recalcitrant plant to
transform compared to Arabidopsis and rice. Since full genome sequencing data has been
rapidly updated in soybean, soybean transformation technology is becoming an essential
approach for genomic research. For the phenotypic analysis of genes, knock-out or gene-si‐
lencing plants are used to study gene function. However in soybean, making bulk knock-out
mutants through conventional mutagenesis approaches is not immediately feasible because
of low transformation efficiency. Thus, development of innovative gene targeting methods
is necessary to make knock-out plants in soybean.

Zinc finger nucleases (ZFNs) and meganucleases cut specific DNA target sequences in vivo
and thus are powerful tools for genome modification. In particular zinc finger domain,
which predominantly recognize nucleotide triplets, have been widely used in this research.
Importantly, ZFNs modification has been reported in soybean (Glycine max), maize (Zea
mays), tobacco (Nicotiana tabacum) and Arabidopsis [87-90]. Unfortunately, Ramirez et al. [91]
found a major disadvantage of ZFNs; they observed that the modular assembly method of
engineering zinc-finger arrays has a higher failure rate than previously reported.

To overcome the ZFNs’s weakness, in late 2009, a novel DNA binding domain was identi‐
fied which was a member of the large transcription activator-like (TAL) effector family
[92-93]. Transcription activator-like effectors (TALEs) are produced by plant pathogens in
the genus Xanthomonas as virulence factors and TAL effector–mediated gene induction leads
to plant developmental changes [94-95]. The type III secretion system is used by Xanthomo‐
nas to introduce virulence factors into plant cells [96]. Once inside the plant cell, transcrip‐
tion activator-like (TAL) effectors (TALEs) enter the nucleus, bind effector-specific DNA
sequences, and transcriptionally activate gene expression [97-98]. For genomic engineering,
two methods of TALEs were developed: TALE nucleases (or TALENs) and TALE transcrip‐
tion factors (or TALE-TFs). Both TALENs and TALE-TFs contain as many as 30 tandem re‐
peats of a 33- to 35-amino-acid-sequence motif (Figure 2). The amino acids in positions 12
and 13 in each 33- to 35-amino-acid-sequence motif have the repeat variable di-residue
(RVD). Using this specific ability, two pair (left and right TALENs) of repeats with different
RVDs are designed by PCR and bound in the target DNA sequence [92-93]. Fok1 combined
with TALE nucleases (or TALENs) make double-strand breaks (DSBs) at specific locations in
the genome. These DSBs are repaired by homologous recombination (HR) or non-homolo‐
gous end-joining (NHEJ) pathways. During DSBs repair, errors in genome via insertion, de‐
letion, or chromosomal rearrangement could be induced by HR and NHEJ (Figure 2). Unlike
TALENs, TALE-TFs require only a single TALE construct for activity induction when com‐
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bined with VP64 activator (derived from the herpex simplex virus activation domain). VP64
binds with RNA polymerase and causes transcriptional activation of the gene of interest
[99]. For making transgenic plants, the TALEs technique can be combined with the Agrobac‐
terium-mediated transformation method and it is assumed that gene targeting knock-out
will be applied in soybean research.

Figure 2. Summary of Transcription activator-like effectors (TALEs) nuclease.

6. Abbreviation

Acetosyringone: 4'-Hydroxy-3',5'-dimethoxyacetophenone

BAC: bacterial artificial chromosome

bar: bialaphos resistance

BAP: 6-Benzylaminopurine

2,4-D: 2,4-Dichlorophenoxyacetic acid

BIBAC: binary bacterial artificial chromosome

BT: Bacillus thuringiensis

DSBs: double-strand breaks

HPT II: Hygromycin phosphotransferase
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HR: homologous recombination

NAA: Naphthaleneacetic acid

NHEJ: non-homologous end-joining

NPT II: neomycin phosphotransferase II

RVD: repeat variable di-residue

Ti plasmid: tumour-inducing (Ti) plasmid

T4SS: type IV secretion system

TALEs: transcription activator-like effectors

VBF: VIP1-binding F-box

VIP1: VirE2 Interacting Protein 1

Vir protein: virulence protein

ZFNs: Zinc finger nucleases
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1. Introduction

Soybean, Glycine max (L.) Merr., is considered to be a typical paleopolyploid species with a
complex genome [1-3]. Approximately 70 to 80% of angiosperm species have undergone
polyploidization at some point in their evolutionary history, which is a well-known mecha‐
nism of gene duplication in plants [4]. The soybean genome actually possesses a high level
of duplicate sequences, and furthermore, possesses homoeologous duplicated regions,
which are scattered across different linkage groups [5-8]. Based on the genetic distances esti‐
mated by synonymous substitution measurements for the pairs of duplicated transcripts
from expressed sequence tag (EST) collections of soybean and Medicago truncatula, Schlueter
et al. estimated that soybean probably underwent two major genome duplication events:
one that took place 15 million years ago (MYA) and another 44 MYA [9].

Gene duplication is a major source of evolutionary novelties and can occur through duplica‐
tion of individual genes, chromosomal segments, or entire genomes (polyploidization). Un‐
der the classic model of duplicate gene evolution, one of the duplicated genes is free to
accumulate mutations, which results in either the inactivation of transcription and/or a func‐
tion (pseudogenization or nonfunctionalization) or the gain of a new function (neofunction‐
alization) as long as another copy retains the requisite physiological functions [10; and
references therein]. However, empirical data suggest that a much greater proportion of gene
duplicates is preserved than predicted by the classic model [11].

Recent advances in genome study have led to the formulation of several evolutionary mod‐
els: a model proposed by Hughes [12] suggests that gene sharing, whereby a single gene
encodes a protein with two distinct functions, precedes the evolution of two functionally
distinct proteins; the duplication–degeneration–complementation model suggests that du‐
plicate genes acquire debilitating yet complementary mutations that alter one or more sub‐
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functions of the single gene progenitor, an evolutionary consequence for duplicated loci
referred to as subfunctionalization [4, 11, 13]. In addition to this notion, models involving
epigenetic silencing of duplicate genes [14] or purifying selection for gene balance [15, 16]
have also been proposed. In soybean, differential patterns of expression have often been de‐
tected between homoeologous genes [17, 18], which indicates that subfunctionalization has
occurred in these genes.

When the extent of subfunctionalization is limited, mutations in only one of multiple cog‐
nate gene copies do not often result in phenotypic changes. Therefore, methods that allow
suppression of all copies of the duplicated gene are required for analyzing gene function or
engineering novel traits. RNA silencing refers collectively to diverse RNA-mediated path‐
ways of nucleotide-sequence-specific inhibition of gene expression, either at the posttran‐
scriptional or transcriptional level, which provides a powerful tool to downregulate a gene
or a gene family [19, 20]. Suppression of gene expression through RNA silencing is particu‐
larly useful for analyzing the function(s) of duplicated genes or engineering novel traits be‐
cause it allows silencing of multiple cognate genes having nucleotide sequence identity. In
fact, to produce soybean lines that have a novel trait, researchers have frequently used RNA
silencing induced by a transgene.

In this review, we describe application of RNA silencing to understand the roles of genes or
engineering novel traits in soybean. We describe methods to induce simultaneous silencing
of duplicated genes and selective silencing of each copy of duplicated genes through RNA
silencing. In addition to intentionally induced RNA silencing, we also refer to naturally oc‐
curring RNA silencing. Based on our knowledge of RNA silencing in soybean, we propose a
hypothesis that plants may have used subfunctionalization of duplicated genes as a means
to avoid the occurrence of simultaneous silencing of duplicated genes, which could be dele‐
terious to the organism.

2. Mechanisms and diverse pathways of RNA silencing

Gene silencing is one of the regulatory mechanisms of gene expression in eukaryotes, which
refers to diverse RNA-guided sequence-specific inhibition of gene expression, either at the
posttranscriptional or transcriptional level [19, 20]. Post-transcriptional gene silencing
(PTGS) was first discovered in transgenic petunia plants whose flower color pattern was
changed as a consequence of overexpression of a gene that encodes the key enzyme for an‐
thocyanin biosynthesis in 1990 [21, 22]. Similar phenomena have also been reported for
plants transformed with various genes, which include virus resistance of plants that have
gene or gene segments derived from the viral genome [23, 24]. Because of these findings,
gene silencing is thought to have developed to defend against viruses. Several lines of re‐
search in plants indicated that double-stranded RNA (dsRNA) is crucial for RNA degrada‐
tion [25, 26]. The potency of dsRNA to induce gene silencing was demonstrated in
Caenorhabditis elegans by injecting dsRNA into cells in 1998 [27], and the phenomenon was
termed RNA interference (RNAi).
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Figure 1. Pathways of RNA silencing used to downregulate a target gene through RNA degradation. Posttranscrip‐
tional gene silencing is triggered by dsRNA. Transcripts from transgenes that have an IR sequence can form dsRNA.
Sense transcripts can produce dsRNA through the synthesis of complementary strand by RdRP. The replication inter‐
mediate or duplex structures formed within single-stranded RNA of the viral genome can also provide dsRNA. These
dsRNAs are processed into siRNAs by the endonuclease Dicer. The siRNA is loaded into the RISC complex that contains
AGO and guides the RISC complex to the mRNA by base-pairing. The RISC complex cuts the mRNA, which is subse‐
quently degraded. Abbreviations: IR, inverted repeat; RdRP, RNA-dependent RNA polymerase; dsRNA, double-strand‐
ed RNA; siRNA, short interfering RNA; RISC, RNA-induced silencing complex; AGO, Argonaute.
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Subsequent genetic and biochemical analyses in several organisms revealed that PTGS and
RNAi share the same pathway and consist of two main processes: (i) processing of dsRNA
into 20–26-nt small RNA molecules (short interfering RNA; siRNA) by an enzyme called
Dicer that has RNaseIII-like endonuclease activity; (ii) cleavage of RNA guided by siRNA at
a complementary nucleotide sequence in the RNA-induced silencing complex (RISC) con‐
taining the Argonaute (AGO) protein (Figure 1) [28]. The formation of dsRNA from single-
stranded sense RNA was explained by the synthesis of its complementary strand by RNA-
dependent RNA polymerase (RdRP). This process provides templates for Dicer cleavage
that produces siRNAs and consequently allows amplification of silencing [29]. siRNA is re‐
sponsible for not only induction of sequence-specific RNA degradation but also epigenetic
changes involving DNA methylation and histone modification in the nucleus, which leads
to transcriptional gene silencing (TGS) [30]. It has become evident that siRNA plays a role in
systemic silencing as a mobile signal [31, 32]. In addition to siRNA, small RNA molecules
called micro RNAs (miRNAs) are also involved in negative regulation of gene expression
[33]. These gene silencing phenomena that are induced by sequence-specific RNA interac‐
tion are collectively called RNA silencing [34, 35].

RNA silencing plays an important role in many biological processes including development,
stability of the genome, and defense against invading nucleic acids such as transgenes and
viruses [20, 29, 30]. It can also be used as a tool for analyzing specific gene functions and
producing new features in organisms including plants [36-38].

3. Methods of the induction of RNA silencing in soybean

3.1. Transgene-induced RNA silencing

Engineering novel traits through RNA silencing in soybean has been done using transgenes
or virus vectors (Figure 1). RNA silencing in some transgenic soybean lines was induced by
introducing a transgene that transcribes sense RNA homologous to a gene present in the
plant genome, a phenomenon termed co-suppression [21]. This type of silencing was first
discovered in transgenic petunia plants that had silencing of CHS-A for chalcone synthase
[21, 22], in which mRNA transcribed from both CHS-A transgene and endogenous CHS-A
gene was degraded. When sense transcripts from a transgene trigger RNA degradation, the
pathway is also referred to as sense (S)-PTGS [19]. To obtain plants that have RNA silencing
of a particular gene target, it is possible to generate co-suppressed plant lines as a byproduct
of a transformation to overexpress the gene under the control of a strong promoter. Howev‐
er, a more promising method to induce RNA degradation is to transform plants with a con‐
struct comprising an inverted repeat (IR) sequence of the target gene, which forms dsRNA
upon transcription (IR-PTGS) [39, 40]. This idea was based on the understanding of general
mechanisms of RNA silencing in which dsRNA triggers the reaction of RNA degradation.
The majority of transgene-induced RNA silencing in soybean have actually been done using
such an IR construct. IR-PTGS can also be induced when multiple transgenes are integrated
in the same site in the genome in an inverted orientation and fortuitous read-through tran‐
scription over the transgenes produces dsRNA.
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An interesting finding reported in soybean is that RNA silencing is induced by a transgene
that transcribes inverted repeats of a fatty acid desaturase FAD2-1A intron [41]. This result is
contrary to the earlier belief that RNA silencing is a cytoplasmic event and intron does not
trigger RNA degradation, which has been shown, for example, by using viral vector in
plants [42] or by dsRNA injection to C. elegans cells [27], although irregular nuclear process‐
ing of primary transcripts associated with PTGS/RNAi has been reported previously [43].
The FAD2-A1 intron-induced RNA silencing led to the understanding that RNA degrada‐
tion can take place in the nucleus [44]. Although whether RNA degradation in the nucleus is
inducible for other genes or in other plants has not been known, this phenomenon is intrigu‐
ing because the involvement of nuclear events has been assumed for amplification of RNA
silencing via transitivity [45] or intron-mediated suppression of RNA silencing [46].

Transcribing a transgene with a strong promoter tends to induce RNA silencing more fre‐
quently than that with a weak promoter [47]. For obtaining a higher level of transcription in
soybean plants, the Cauliflower mosaic virus (CaMV) promoter has been used as in other plant
species. Seed-specific promoters, such as those derived from the genes encoding subunits of
β-conglycinin, glycinin, or Kunitz trypsin inhibitor, have also been used in soybean to in‐
duce seed-specific silencing, one feature that is exploited for metabolic engineering in soybean.

A gene construct that induces RNA silencing has been introduced to the soybean genome
using either Agrobacterium tumefaciens infection or particle bombardment, which can pro‐
duce stable transgenic soybean lines that have altered traits. In addition, RNA silencing can
be induced in soybean roots using A. rhizogenes-mediated transformation, which has been
used for gene functional analysis. Methods for soybean transformation have been reviewed
elsewhere [48].

3.2. Virus-induced gene silencing (VIGS)

RNA silencing has also been induced using a virus vector in soybean. Plants intrinsically
have the ability to cope with viruses through the mechanisms of RNA silencing. When
plants are infected with an RNA virus, dsRNA of the viral genome is degraded by the infect‐
ed plants [49, 50]. The dsRNA in the virus-infected cells is thought to be the replication in‐
termediate of the viral RNA [51] or a duplex structure formed within single-stranded viral
RNA [52]. The viral genomic RNA can be processed into siRNAs, then targeted by the siR‐
NA/RNase complex. In this scenario, if a nonviral segment is inserted in the viral genome,
siRNAs would also be produced from the segment. Therefore, if the insert corresponds to a
sequence of the gene encoded in the host plant, infection by the virus results in the produc‐
tion of siRNAs corresponding to the plant gene and subsequently induces loss of function of
the gene product (Figure 2). This fact led to the use of a virus vector as a source to induce
silencing of a specific gene in the plant genome, which is referred to as virus-induced gene
silencing (VIGS) [42, 53, 54]. So far, at least 11 RNA viruses and five DNA viruses were de‐
veloped as a plant virus vector for gene silencing, as listed previously [37]. Three vectors are
now available in soybean: those based on Bean pod mottle virus (BPMV) [55], Cucumber mosaic
virus (CMV) [56], and Apple latent spherical virus (ALSV) [57].
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Figure 2. Virus-induced silencing of plant endogenous gene. When plants are infected with an RNA virus, dsRNA of
the viral genome is degraded by the infected plants. The dsRNA in the virus-infected cells is thought to be the replica‐
tion intermediate or secondary-structured viral RNA. The viral genomic RNA can be processed into siRNAs. If a plant
gene segment is inserted in the viral genome, siRNAs corresponding to the plant gene are produced and subsequently
induce sequence-specific RNA degradation of the plant gene.

4. Examples of RNA silencing reported in soybean

4.1. Metabolic engineering by transgene-induced RNA silencing

To the authors’ knowledge, 28 scientific papers that describe metabolic engineering by
transgene-induced RNA silencing in soybean have been published up to 2011 [58]. Because
soybean seeds are valued economically for food and oil production, most modifications to
transgenic soybean plants using RNA silencing are focused on seed components. Metabolic
pathways in developing seeds have been targeted in terms of altering nutritional value for
human or animals, e.g., changing seed storage protein composition [59, 60], reducing phytic
acids [61, 62], saponin [63] or allergens [64], and increasing isoflavone [65]. Metabolic engi‐
neering has also targeted oil production [66-72]. These modifications were done by inhibit‐
ing a step in a metabolic pathway to decrease a product or by blocking a competing branch
pathway to increase a product.

RNA silencing can be induced efficiently in soybean roots using A. rhizogenes-mediated root
transformation. This method has been used for analyzing roles of gene products in nodule
development and/or function, which occurs as a consequence of interaction between legume
plants and the nitrogen-fixing symbiotic bacterium Bradyrhizobium japonicum [73-78]. The
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human or animals, e.g., changing seed storage protein composition [59, 60], reducing phytic
acids [61, 62], saponin [63] or allergens [64], and increasing isoflavone [65]. Metabolic engi‐
neering has also targeted oil production [66-72]. These modifications were done by inhibit‐
ing a step in a metabolic pathway to decrease a product or by blocking a competing branch
pathway to increase a product.

RNA silencing can be induced efficiently in soybean roots using A. rhizogenes-mediated root
transformation. This method has been used for analyzing roles of gene products in nodule
development and/or function, which occurs as a consequence of interaction between legume
plants and the nitrogen-fixing symbiotic bacterium Bradyrhizobium japonicum [73-78]. The
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hairy root system was also used for analyzing roles of a MYB transcription factor in isoflavo‐
noid biosynthesis [79].

Transgene-induced RNA silencing has also been induced in leaf tissues for the β-glucuroni‐
dase gene [80] or the senescence-associated receptor-like kinase gene [81] and in calli for the
amino aldehyde dehydrogenase gene to induce the biosynthesis of 2-acetyl-1-pyrroline [82].

4.2. Disease resistance acquired by transgene-induced RNA silencing

Another focus of modifying soybean plants through RNA silencing is resistance against dis‐
eases, particularly to those caused by viruses. Resistance to viruses was achieved by trans‐
forming plants with genes or segments of genes derived from viruses and was referred to as
pathogen-derived resistance [23, 24, 83, 84]. The resistance did not need protein translated
from the transgene [85-87], which led to the understanding that RNA is the factor that con‐
ferred resistance to the plants and that the enhanced resistance is acquired via a mechanism
analogous to that involved in co-suppression. Using this strategy, soybean plants resistant
to Soybean mosaic virus (SMV) [88-90], or Soybean dwarf virus [91, 92] have been produced.

In addition to resistance against a virus, transgenic soybean plants resistant to cyst nema‐
tode (Heterodera glycines) have also been produced using RNA silencing [93], in which an in‐
verted repeat of the major sperm protein gene from cyst nematode was transcribed from the
transgene. RNA silencing was elicited in cyst nematode after nematode ingestion of dsRNA
molecules produced in the soybean plants; as a consequence, reproductive capabilities of the
cyst nematode were suppressed. The effects of RNA silencing on controlling H. glycines [94]
or root-knot nematode (Meloidogyne incognita) [95] infection have been assayed in soybean
roots using A. rhizogenes-mediated transformation. On the other hand, this root transforma‐
tion method has also been used for analyzing a role of host genes in resistance against dis‐
eases caused by Phytophthora sojae [96, 97], Fusarium solani [98] or cyst nematode [99].

4.3. Gene functional analysis by VIGS

An advantage of VIGS is its ease for making a gene construct and introducing nucleic acids
to cells. In addition, the effect of silencing can be monitored within a short time after inocu‐
lating plants with the virus. Because of these features, VIGS is suitable for gene function
analysis [51, 100, 101] and has been used for gene identification via downregulating a candi‐
date gene(s) responsible for a specific phenomenon in soybean. VIGS was used to demon‐
strate that genes present in the genetically identified loci actually encode the genes
responsible for the phenotype: VIGS of the putative flavonoid 3′-hydroxylase (F3′H) gene re‐
sulted in a decrease in the content of quercetin relative to kampferol, which indicated that
the putative gene actually encodes the F3′H protein [56]; VIGS of the GmTFL1b gene, a soy‐
bean orthologue of Arabidopsis TERMINAL FLOWER1 (TFL1) and a candidate gene for the
genetically identified locus Dt1, induced an early transition from vegetative to reproductive
phases, which indicated the identity between Dt1 and GmTFL1b [102]. VIGS has also been
used to identify genes involved in resistance of soybean plants against pathogens such as
SMV, BPMV, Pseudomonas syringae or Phakopsora pachyrhizi [103-107].
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4.4. Naturally occurring RNA silencing

In addition to artificially induced RNA silencing, naturally occurring RNA silencing has also
been known in soybean. Naturally occurring RNA silencing, involving mRNA degradation
induced as a consequence of certain genetic changes, has been detected based on phenotypic
changes. Most commercial varieties of soybean produce yellow seeds due to loss of pigmen‐
tation in seed coats, and this phenotype has been shown to be due to PTGS of the CHS genes
[108, 109]. In cultivated soybean, there are varieties producing seeds with yellow seed coats
and those producing seeds with brown or black seed coats in which anthocyanin and proan‐
thocyanidin accumulate. In contrast, wild soybeans (Glycine soja), an ancestor of the cultivat‐
ed soybean, have exclusively produced seeds with pigmented seed coats in thousands of
accessions from natural populations in East Asia that we have screened (unpublished data).
Thus, the nonpigmented seed coat phenotype was probably generated after domestication
of soybean, and humans have maintained the plant lines that have CHS RNA silencing. The
genetic change that induced CHS RNA silencing has been attributed to a structural change
in the CHS gene cluster, which allows production of inverted repeat CHS RNA [110].

The occurrence of RNA silencing that leads to changes in pigmentation of plant tissues has
also been reported for the CHS genes in maize [111] and petunia [112]. In petunia, a variety
‘Red Star’ produces flowers having a star-type red and white bicolor pattern, which resem‐
bles the flower-color patterns observed in transgenic petunias with co-suppression of the
CHS genes [113], and in fact, the phenotype was demonstrated to be due to RNA silencing
of the CHS genes in the white sectors [112]. Breeding of petunia was launched in the 1830s
by crossing among wild species. The generation of the star-type petunia plants as a conse‐
quence of hybridizations between plant lines suggests that RNA silencing ability can be con‐
ferred via shuffling of genomes that are slightly different from each other. These phenomena
also resemble the RNA silencing in a seed storage protein gene in rice, which is associated
with a structural change in the gene region induced by mutagenesis [114], a case of RNA
silencing in nontransgenic plants.

5. Diagnosis of an RNA silencing-induced phenotype using viral
infection

In the course of the analysis of CHS RNA silencing, the function of a virus-encoded protein
called suppressor protein of RNA silencing was used to visually demonstrate the occurrence
of RNA silencing [108, 111, 112, 115]. These suppressor proteins affect viral accumulation in
plants. The ability of the suppressor protein to allow viral accumulation is due to its inhibi‐
tion of RNA silencing by preventing the incorporation of siRNAs into RISCs or by interfer‐
ing with RISCs [116]. Because of these features, RNA silencing can be suppressed in plants
infected with a virus that carries the suppressor protein. When a soybean plant that has a
yellow seed coat is infected with CMV, the seed coat restores pigmentation [108]. This phe‐
nomenon is due to the activity of gene silencing suppressor protein called 2b encoded by the
CMV. This example typically indicates that, using the function of viral suppressor protein,
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we can “diagnose” whether an observed phenotypic change in a plant is caused by RNA si‐
lencing. A similar phenomenon has also been detected in maize [111] and petunia [112]
lines, both of which have phenotypic changes through naturally occurring RNA silencing of
an endogenous CHS gene, or a transgenic petunia line that has CHS co-suppression [115].

6. What do phenotypic changes induced by RNA silencing in soybean
indicate?

Soybean is thought to be derived from an ancestral plant(s) with a tetraploid genome, and as
a consequence, large portions of the soybean genome are duplicated [7], with nearly 75% of
the genes present in multiple copies [117]. In addition, genes in the soybean genome are
sometimes duplicated in tandem [118-121]. Our recent studies have indeed shown function‐
al redundancy of duplicated genes in soybean [122, 123]. Such gene duplication can be an
obstacle to producing mutants by conventional methods of mutagenesis. In this regard, the
gene silencing technique is particularly useful because it allows silencing of multiple cog‐
nate genes having nucleotide sequence identity.

Changes in phenotypes as a consequence of inducing RNA silencing have been successful
for many genes in soybean as mentioned above. Considering that many genes are duplicat‐
ed in soybean genome, this fact indicates either that RNA silencing worked on all duplicated
genes that have the same function or that the genes were subfunctionalized after duplica‐
tion, so that RNA silencing of even a single gene of the duplicated genes resulted in the phe‐
notypic changes.

It is of interest to understand whether duplicated genes have identical or diversified func‐
tions, which may depend on the time after duplication event and/or the selection pressure
on the genes. To analyze the functions of each copy of the duplicated genes, we need to si‐
lence a specific copy of the duplicated genes. If the duplicated genes are expressed in differ‐
ent tissues, RNA silencing of both genes can lead to understanding the function of each
gene. PTGS by transcribing inverted repeat with a constitutive promoter or VIGS will be
suitable for this analysis. An example of such an approach is the VIGS of duplicated TFL1
orthologues, which are expressed in different tissues. A specific role of one of the TFL1 or‐
thologues has been identified by VIGS as mentioned earlier [102].

7. Methods to induce selective RNA silencing of duplicated genes

When duplicated genes are subfunctionalized with only limited nucleotide changes and are
expressed in overlapping tissues, specific silencing of each gene will be necessary for under‐
standing their function(s). Silencing a specific copy of duplicated genes can be achieved by
targeting a gene portion whose nucleotide sequence is differentiated between the duplicated
genes. A condition that allows this type of silencing involves a lack of silencing of the other
copy of duplicated genes even when they have the same sequence in the other portions.
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In plants, miRNAs or siRNAs promote production of secondary siRNAs from the 5′ up‐
stream region and/or the 3′ downstream region of the initially targeted region via produc‐
tion of dsRNA by RdRP. These secondary siRNAs can lead to silencing of a secondary target
that is not directly targeted by the primary silencing trigger [124]. Studies so far have indi‐
cated that such a spread of RNA silencing, called transitive RNA silencing, does not occur
with the majority of endogenous genes, although it can happen to a transgene [45; and refer‐
ences therein]. Assuming the lack of transitive RNA silencing, it is possible to induce silenc‐
ing of a specific copy of a duplicated gene. Targeting a region specific for each copy, e.g., the
3′ untanslated region (UTR), can induce silencing of the gene copy only, whereas targeting a
region conserved in duplicated gene copies can induce silencing of the multiple gene copies
simultaneously (Figure 3). Such selective RNA silencing was successful in a gene family of
rice [125] and this strategy may work for analyzing functional diversification of duplicated
genes in any plant species.

An alternative approach to suppress gene expression in plants is the use of artificial miR‐
NAs (Figure 4) (amiRNAs; also called synthetic miRNAs) [38, 126]. This approach involves
modification of plant miRNA sequence to target specific transcripts, originally not under
miRNA control, and downregulation of gene expression via specific cleavage of the target
RNA. Melito et al. have used amiRNA to downregulate the leucine-rich repeat transmem‐
brane receptor-kinase gene in soybean [99]. miRNA has been extensively studied in soybean
[127-130], information of which may be useful for designing amiRNAs. Because of its specif‐
icity, this method will be useful for silencing a limited copy of duplicated genes in soybean.

Induction of TGS by targeting dsRNA to a gene promoter can also be the method of choice.
Gene silencing through transcriptional repression can be induced by dsRNA targeted to a
gene promoter (Figure 4). However, until recently, no plant has been produced that harbors
an endogenous gene that remains silenced in the absence of promoter-targeting dsRNA. We
have reported for the first time that TGS can be induced by targeting dsRNA to the endoge‐
nous gene promoters in petunia and tomato plants, using a Cucumber mosaic virus (CMV)-
based vector and that the induced gene silencing is heritable. Efficient silencing depended
on the function of the 2b protein encoded in the vector, which facilitates epigenetic modifi‐
cations through the transport of siRNA to the nucleus [131, 132]. The progeny plants do not
have any transgene because the virus is eliminated during meiosis. Therefore, plants that are
produced by this system have altered traits but do not carry a transgene, thus constituting a
novel class of modified plants [131, 132]. We have also developed in planta assay systems to
detect inhibition of cytosine methylation using plants that contain a transgene transcription‐
ally silenced by an epigenetic mechanism [133]. Using these systems, we found that genis‐
tein, a major isoflavonoid compound rich in soybean seeds, inhibits cytosine methylation
and restores the transcription of epigenetically silenced genes [133]. Whether developing
soybean seeds are resistant (or susceptible) to epigenetic modifications is an interesting issue
in terms of both developmental control of gene expression and intentionally inducing TGS
through epigenetic changes.
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Figure 3. Selective RNA silencing of duplicated genes. The gene 1 and gene 2 are produced as a consequence of gene
duplication. They share a highly conserved nucleotide sequence in the 5′ region, while they have a different sequence
in the 3′ region. When siRNAs corresponding to the conserved region are produced, they can induce RNA degradation
of the transcripts from both genes (A). On the other hand, siRNAs corresponding to the 3′ region can induce gene 1-
specific or gene 2-specific RNA degradation (B). A combination of these different approaches enables functional anal‐
ysis of duplicated genes.
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Figure 4. Various pathways of RNA silencing that can be intentionally induced to suppress gene expression in plants.
Transcripts from transgenes that have an IR sequence of a plant gene segment or viral genomic RNA that carries the
segment can form dsRNA. These dsRNAs are subsequently processed into siRNAs in the cytoplasm. Similarly, amiRNA
precursors transcribed from the amiRNA gene are processed into amiRNAs. These small RNAs can cause degradation
of target gene transcripts, a process termed PTGS (A). When siRNAs corresponding to a gene promoter are produced,
they can induce RdDM in the nucleus, thereby TGS of the target gene can be induced (B). Abbreviations: amiRNA, arti‐
ficial microRNA; PTGS, posttranscriptional gene silencing; RdDM, RNA-directed DNA methylation; TGS, transcriptional
gene silencing.
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8. Differentiation of duplicated genes and induction of RNA silencing

How much sequence difference will be necessary to induce selective RNA silencing? A fac‐
tor that affects induction of RNA silencing is the extent of sequence identity between the
dsRNA that triggers RNA silencing and its target gene. IR-PTGS could be induced by IR-
transcripts that can form 98-nt or longer dsRNAs [39]. In VIGS, the lower size limit of the
inserted fragments required for inducing PTGS is 23-nt, a size almost corresponding to that
of siRNAs [134], and that for inducing TGS is 81-91 nt [135]. Silencing a gene probably re‐
quires sequence identity longer than the size of siRNAs between dsRNA and its target, al‐
though the efficiency of silencing may depend on the system of silencing induction.

We previously induced CHS VIGS in soybean [56]. In soybean seed coats, the CHS7/CHS8
genes, which share 98% nucleotide sequence identity in the coding region, are predominant‐
ly expressed among the eight members of the CHS gene family [136, 137]. We have induced
the silencing using a virus vector that carried a 244-nt fragment of the CHS7 gene [56]. The
CHS mRNA levels in the seed coats and leaf tissues of plants infected with the virus were
reduced to 12.4% and 47.0% of the control plants, respectively. One plausible explanation for
the differential effects of VIGS on these tissues may be that the limited sequence homology
(79%-80%) between the CHS7 and the CHS1-CHS3 genes, the transcripts of which make up
approximately 40% of the total CHS transcript content of leaf tissues [137], results in the deg‐
radation of the CHS1-CHS3 transcripts at a lower efficiency than the degradation of CHS7/
CHS8 transcripts. Consistent with these results, naturally occurring CHS RNA silencing, in
which CHS7/CHS8 genes are silenced in seed coat tissues, is thought to be induced by in‐
verted repeat transcripts of a CHS3 gene segment [110]. In terms of the practical use of trans‐
gene-induced RNA silencing, these results suggest that a portion of genes whose sequence
identity between duplicated genes is lower than 79%-80% should be chosen as a target for
inducing selective RNA silencing.

The naturally occurring RNA silencing of the CHS genes in soybean may indicate relation‐
ships between diversification of duplicated genes and RNA silencing. Gene duplication can
be a cause of RNA silencing because it may sometimes result in the production of dsRNA,
which triggers RNA silencing through read-through transcription [114, 115]. In the CHS si‐
lencing in soybean, the extent of mRNA decrease differs between different copies of the
gene family. These observations may indicate that plants use subfunctionalization of dupli‐
cated genes as a means to avoid the occurrence of simultaneous silencing of duplicated
genes, which may have a deleterious effect on the organism.

9. Conclusion and perspectives

RNA silencing has been used as a powerful tool to engineer novel traits or analyze gene
function in soybean. Soybean plants that have engineered a metabolic pathway or acquired
resistance to diseases have been produced by transgene-induced gene silencing. VIGS has
been used as a tool to analyze gene function in soybean. In addition to RNA silencing, site-
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directed mutagenesis using zinc-finger nucleases has been applied to mutagenizing dupli‐
cated genes in soybean [138]. Such reverse genetic approaches may be supplemented by
forward genetic approaches such as high linear energy transfer radiation-based mutagene‐
sis, e.g., irradiation of ion beam [139] and fast neutron [140]. Similarly, gene tagging systems
using maize Ds transposon [141] and rice mPing transposon [142] have also been developed
in soybean. Aside from using RNA silencing as a tool to engineer novel traits, analysis of
mutants in combination with reverse genetic approaches may facilitate the identification of
causative gene(s) of the mutation. An interesting feature of RNA silencing is its inducible
nature, which allows downregulation of a gene in a tissue-specific manner. This strategy is
particularly advantageous for analyzing the function of genes whose mutation or ubiquitous
downregulation is lethal. Another feature of RNA silencing is that it allows analysis of bio‐
logical phenomena that involve the effect of a difference in the mRNA level of the gene. The
dependence of pigmentation in soybean pubescence on the mRNA level of the F3′H gene
has actually been shown by utilizing VIGS [143]. In this regard, selective RNA silencing of
duplicated genes may reveal the presence of additive effects of the expression levels of du‐
plicated genes in soybean.
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Proteomics and Its Use in Obtaining Superior Soybean
Genotypes

Cristiane Fortes Gris and Alexana Baldoni

Additional information is available at the end of the chapter
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1. Introduction

Soybean (Glycine max L. Merrill) is one of the most important and most cultivated crops in
the world, with significant quantities of proteins being found in their yield composition,
around 40% of their yield dry matter. This expressive quantity of proteins, and also a con‐
siderable percentage of oil, around 21% of their dry matter, has turned this grain into a
product of great importance for the industrial sector, whether it be for food, cosmetics or,
more recently, biofuels. Thus, soybean breeding programs directed toward these areas be‐
come ever more important, together with agronomic characteristics that allow greater pro‐
ductivity in sustainability with the environment in which they are produced.

The achievement of soybean genome sequencing [1], facilitated by identification of the ge‐
netic base, lead to advances in obtaining improved cultivars through knowledge of the com‐
plete sequence of expressed genes. Nevertheless, this information is not sufficient to identify
which proteins are really being expressed in the cell at a given moment and under a certain
condition since, through the phenomenon of splicing, different proteins may be produced
by alteration of the command of a single gene. Thus, the complementary DNA (cDNA) and
the messenger RNA (mRNA) have come to be the main focus of study for obtaining infor‐
mation regarding genetic expression or transcriptome. Nevertheless, due to post-translation‐
al regulation mechanisms, the quantity of expressed protein is not necessarily proportional
to the quantity of its corresponding mRNA, which often raises questions regarding the role
of this gene in cellular metabolism.

The reason for this is that control of gene expression occurs from mRNA transcription up to
post-translational modifications like glycosylation and phosphorylation, among other proc‐
esses, which alter protein activity (Figure 1).
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In recent years, for the purpose of complementing the information obtained by means of ge‐
nome sequencing and transcriptome, proteomics, one of the dimensions of the post-genome
era [2], arises with a set of highly powerful techniques for separation and identification of
proteins in biological samples, allowing better understanding of the networks of cellular op‐
eration and regulation upon representing the link between the genotype and the phenotype
of an organism.

For the aforementioned reasons, proteomic analysis is now one of the most efficient means
for functional study of the genes and genomes of complex organisms [3]. This has generated
new data, as well as validated, complemented and even corrected information obtained
through other approaches, thus contributing to better understanding of plant biology.

Figure 1. Pathways in which gene and protein expression may be regulated or modified in transcription or in post-
translation [13].

Its study involves the entire set of proteins expressed by the genome of a cell, or only those
that are expressed differentially under specific conditions. Also it is directed to the set of
protein isoforms and post-translational modifications, to the interactions among them, as
well as to the structural description of molecules and their complexes.

Bidimensional electrophoresis and mass spectrometry are the core technologies of proteo‐
mics, although new methodologies are being applied to plants for specific studies [4,5,6].
Among the most recent proteomic techniques are Difference Gel Electrophoresis (DIGE) and
Multi-dimensional Protein Identification Tecnology (MudPIT), used in separation of pro‐
teins from a complex mixture. Other methods involved are Stable Isotopic Labeling using
Amino Acids in Cell Culture (SILAC), Isotope Coded Affinity Tag (ICAT) and Isobaric Tag
for Relative and Absolute Quantitation (iTRAQ) are based on labeling with isotopes for
quantification of molecules by mass spectrometry.

In spite of the recent nature of research in this area, diverse studies with soybeans using pro‐
teomic tools are being performed throughout the world, showing this to be a promising area
for selection of genotypes for genetic breeding programs [7,8]. Moreover, the study of plant
responses to infections from pathogens has supplied significant data for understanding the
signaling process that triggers the defense response in plants [9]. Additionally, there are
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studies characterizing the proteome of plants in response to different stress conditions aris‐
ing from both abiotic factors [10] and biotic factors [11]. These comparative studies of con‐
trasting genotypes for a determined type of stress allow identification of the proteins that
respond to stress by means of changes in their levels of expression. Identifying these mole‐
cules and their respective functions, the work of breeding is directed and should have con‐
tinuity only with those molecules that perform roles related to the characteristic of stress
tolerance. For that reason, it is essential to cross the proteomic data with information also
obtained by genomics, transcriptomics and metabolomics, so as to verify the correlation of
the candidate proteins with the desired characteristic.

In relation to products derived from genetically modified foods, proteomic techniques have
been applied to allow a broad approach and the analysis of many variables simultaneously
in a single sample. There are also other studies relating the proteome expressed during de‐
velopment of the plants, as well as research in which soybeans have been the target of inves‐
tigations regarding nutritional, toxicological and allergenic aspects, above all on genetically
modified varieties [12].This makes for increased use of this technique in biosecurity studies.
In this context, the objective of this chapter is to present the main technologies used in pro‐
teomic studies in diverse areas of activity, as well as the main scientific results obtained in
the search for superior soybean genotypes.

2. Technologies used in proteomic studies.

Execution of a proteomic study involves the integration of many technologies which perme‐
ate the fields of molecular biology, biochemistry, physiology, statistics and bioinformatics,
among other areas. The key steps in this type of study are separation of complex mixtures of
proteins and their identification.

Separation is performed through the use of electrophoresis a term created by Michaelis in
1909. The first electrophoresis of proteins (Figure 2) was performed in 1937. Alfenas (1998)
[14] explains that electrophoresis aims at separation of molecules in terms of their electrical
charges, their molecular weights and their conformations, in porous supports and appropri‐
ate buffers, under the influence of a continuous electrical field. Molecules with a preponder‐
ance of negative charges migrate in the electrical field to the positive pole (anode), and
molecules with excess of positive charges migrate to the negative pole (cathode). The pre‐
ponderant charge of a proteic molecule is in accordance with its amino acids.

Many of the technologies currently used in proteomics were developed much before the be‐
ginning of proteomics, as is the case of electrophoresis. Nevertheless, it was the advance in
protein sequencing technology by means of mass spectrometry that allowed its emergence
and development [15].

The study of proteomics may be performed by means of techniques like two-dimensional
electrophoresis in polyacrylamide gel (2D PAGE) followed by mass spectrometry (MS) (Fig‐
ure 3), or furthermore, more recently, by the association of ionization and chromatographic
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methods, among others, which increase detection sensitivity even more. Nevertheless, the
point of departure has still been the exposure of a large number of proteins from a cell line
or organism in two-dimensional polyacrylamide gels [16,17,18].

Figure 2. Polyacrylamide-gel electrophoresis (SDS-PAGE) used in proteome analysis [19].

2.1. Two-dimensional polyacrylamide gel electrophoresis (2D PAGE).

Two-dimensional polyacrylamide gel electrophoresis constitutes an analytical method capa‐
ble of separating hundreds of proteins in a single analytical run. In this case, the gel, with
the sample already applied, is submitted to an electrical field for two-dimensional separa‐
tion. In the first dimension, separation occurs through isoelectric focalization, in which
physical separation of the proteins occurs in terms of their respective isoelectric points on a
strip of polyacrylamide with continuous gradation and known pH (IPG - immobilized pH
gradient) submitted to increasing voltage. In the second dimension, the proteins under focus
are submitted to polyacrylamide gel electrophoresis in the presence of SDS (SDS-PAGE) for
separation according to their specific molecular masses (Figure 4). Thus, this is a technique
that separates the proteins through different charges and masses.

The result of two-dimensional electrophoresis is a profile of spot distribution formed by sin‐
gle proteins or simple mixtures of proteins [21]. Each spot visualized in the gel may be con‐
sidered as an orthogonal coordinate of a protein that migrated specifically in accordance
with its isoelectric point (x axis) and its molecular mass (y axis), as shown in Figure 4.

The next step consists of staining the gel with silver, Coomassie blue, fluorescence, radioac‐
tive labeling or specific markers for phosphoproteins and glycoproteins, among others. This
allows visualization of the protein expression pattern and photodocumentation of the gel
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(Figure 5). After that, sectioning and digestion of selected spots of the gel are carried out
and, finally, proteins of interest are identified by mass spectrometry integrated with a bioin‐
formatics tool.

Figure 3. Stages of plant proteomics, using interface two-dimensional electrophoresis (2D-PAGE) and mass spectrom‐
etry [20].

Figure 4. Two-dimensional electrophoresis 2D-PAGE used in analysis of proteomes [19].

Two-dimensional electrophoresis gels reflect the protein expression pattern of the biolog‐
ical  sample  analyzed  and  allow detection  of  variation  of  even  a  single  amino  acid  be‐
tween two isoforms or  covalent  modifications  in  the  same protein  thanks  to  change  in
the  position  of  the  spot.
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It is important to highlight that each sample, depending on its nature, requires a specific
type of processing for extraction and focalization. Therefore, it is expected that the user
checks beforehand in related publications as to the protocols and methodologies that best
suit the experimental needs.

Some limitations are associated with two-dimensional electrophoresis, such as low reprodu‐
cibility and little power of automation. Nevertheless, reproducibility may be increased by
defining optimal conditions for the electrophoresis, while automation of the process is only
possible in relation to analysis of gels. Gel analysis software determines the spots and identi‐
fies those expressed differentially and their volumes, inferring a relative quantification of
expression of that protein in comparison to the same spot of another gel [22]. Thus, by a
process of subtraction, the differences among the different samples are revealed, as, for ex‐
ample, the presence, absence or intensity of the proteins. Thus, the proteins of interest may
then be identified based on knowledge of the isoelectric point and of apparent molecular
weight, determined by the two-dimensional gels [23].

Figure 5. Proteins extracted and separated by two-dimensional (2D) gel electrophoresis and stained with Coomassie
blue [24].

2.2. Differential in gel electrophoresis (DIGE).

An efficient procedure in the attempt to eliminate variation from gel to gel is use of the tech‐
nique of differential in gel electrophoresis or DIGE (Figure 6), which allows analysis of up to
three proteomes in a single gel. These results in one internal pattern common to all the gels
and two different samples labeled with distinct fluorophores (CyDye) [25]. That way, only
the proteins labeled with their own fluorophore are visualized. In addition, this technique
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uses labeling of proteins with a broad dynamic range of detection and has sensitivity greater
than staining of the gels by silver methods, allowing proteomic studies of a quantitative na‐
ture to be performed with greater precision, accuracy and sensitivity [26].

2.3. Liquid chromatography

Another form used for separation of proteins is by means of liquid chromatography. The
sample that is, for example, a mixture of peptides generated by proteolytic digestion from a
protein extract passes through a first separation, by means of liquid chromatography, where
the enriched peptide fractions are collected and applied in the spectrometer. As complete
automation is the main target of the methods for large scale analyses, methods of separation
were developed free of gel by reverse phase liquid chromatography connected with tandem
mass spectrometry (LC/MS/MS). In Figure 7 the operational and equipment sequence in‐
volved in a typical analysis via LC/MS/MS is shown.

Greater automation is possible with multidimensional liquid chromatography, which uses
different characteristics of the proteins in columns of distinct properties or in a single two-
phase column [29]. The fraction eluted in the first column is directly introduced in the sec‐
ond column, which may be directly connected to the mass spectrometer. This technique,
called MudPIT, is inserted in the context of the shotgun proteomic, in which greater resolu‐
tion of the proteomes is possible, facilitating identification of the less abundant proteins fre‐
quently lost when gels are used [30].

Figure 6. Differential in gel electrophoresis technique or DIGE [27].
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Figure 7. Protein identification with chromatographic separation (LC/MS/MS) [28].

2.4. Protein identification methods.

After separation of proteins, the next stage consists of their characterization and identification
using mass spectrometry, which is a technique where the ratio between the mass and the
charge (m/z) of ionized molecules in the gas phase is measured. In general, a mass spectrome‐
ter consists of an ionization source, a mass analyzer, a detector and a data acquisition system.

The great variety of spectrometers found on the market is the result of different combina‐
tions of types of sources of ionization and mass analyzers, which provide certain levels of
sensitivity and accuracy in the results. At the ionization source, the molecules are ionized
and transferred to the gas phase. In the mass analyzer, the ions formed are separated in ac‐
cordance with their m/z ratios and later detected, usually by electron multiplier [31].

With the development of ever more specialized equipment for proteins, mass spectrometry
has become a revolutionary tool in modern protein chemistry. This technology has allowed
identification of proteins by a methodology called peptide mass fingerprinting. Rocha et al.
(2003) [3], state that this methodology is based on protein digestion to be identified by a pro‐
teolytic enzyme, for example trypsin, producing fragments called peptides. The masses of
these peptides obtained form a kind of fingerprinting of the protein, which are then deter‐
mined with great acuity (0.1 to 0.5 Da) by mass spectrometry.

Special software allows comparing the peptide mass fingerprinting of the protein one wishes
to identify with those theoretically generated for all the protein sequences present in the data‐
bases. If the protein sequence problem is in the database, it will immediately be identified [32].
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2.5. Relative protein quantification

Large scale protein quantification methods make an estimate of relative expression possible
by means of labeling with radioactive isotopes, fluorescents and light/heavy, allowing the
same protein to be quantified in a relative way among differently labeled samples. Some of
the most used radioactive isotopes are the iCAT (Isotopic coded affinity tag), iTRAQ (isobar‐
ic tags) and H2O18.

The iCAT consists of addition of a label that has affinity for cysteine residues and which has a
bonded molecule of eight atoms of hydrogen or eight atoms of deuterium. One sample is la‐
beled with the tag containing hydrogen and the other sample with the tag containing deuteri‐
um. After digestion of the proteins, the resulting peptides are identified by mass spectrometry.
Equal peptides labeled in the two samples are identified by overlap of the peaks that show dis‐
tinct m/z due to the type of bonded isotope, with the ratio between the area of the two peaks
being a relative measure of the expression of that protein. According to Yi & Goodlett (2003)
[33], the main problems associated with this technique are the need for the presence of cys‐
teine residues, the high cost of the reagents and the greater time necessary for sequencing.

In the iTRAQ technique, labeling of proteins with tags and identification by mass spectrom‐
etry is also used. The tags bond to all the free amino groups at the N terminal of all the pep‐
tides and on the internal side chains with lysine residues and vary according to the reporter
group they carry, and they may have 114, 115, 116 or 117Da, thus allowing for the quantifi‐
cation of proteins in up to four types of samples at the same time. The relative quantification
is carried out in the same way as in the iCAT, but high cost has restricted its use [34].

The aforementioned techniques require the consumption of specific and expensive reagents.
Nevertheless, the same goal may be achieved with a simpler labeling method in which the
proteins are labeled with one or two atoms of O2. These are incorporated in the carboxyl ter‐
minal by simply supplying a solution with H2O for one sample and a solution with H2O18

for the other sample. Thus, the relative abundance of the peptides that will differ by 2Da is
estimated [35].

Another quantification technique is Stable isotope labeling by amino acids in cell culture,
(SILAC) which, together with mass spectrometry and bioinformatics resources, has proven
to be quite adequate in proteomic studies. It is a technique that detects differences in the
abundance of proteins among cell cultures by means of isotopic labeling of proteins. Label‐
ing with stable isotopes is obtained by supplying isotopically enriched amino acids to a cell
culture and natural amino acids to the culture to be compared (Figure 8).

2.6. Analysis of post-translational modifications (PTM’s).

Another area of great interest in plant proteomics is in regard to characterization of post-
translational modifications or PTM’s, essential for proteins to play their roles in the varied
cell events, producing different proteins from the same gene.

These modifications occur at specific sites in the proteins [37] changing their physical, chem‐
ical and biological properties [38]. They may occur by means of cleavages or by the addition
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of a chemical group to one or more amino acids [39]. The main goals of PTM studies in pro‐
teomics are identifying the proteins that have them, mapping the sites where these modifi‐
cations occur, quantifying their occurrence at the different sites and characterizing
cooperative PTM’s [40].

Figure 8. General outline of the SILAC technique [36].

The fact that covalent modifications result in changes in the protein molecular masses makes
it possible for these modifications and the amino acids that carry them to be identified by
mass spectrometry, allowing more than 300 different types of PTM’s to be identified until
now with the aid of this technique. Nevertheless, according to Mann and Jensen (2003) [41],
mass spectrometry has reduced power of resolution of PTM’s because they occur at low stoi‐
chiometric levels. This problem may be resolved by adopting fractioning methods prior to
sequencing that allow enrichment of the sample for the proteins that have a certain type of
PTM. Large scale modified protein enrichment systems are generally carried out by means
of affinity chromatography.

One example is the IMAC system – a column of immobilization through affinity to a metal
for isolation of phosphorylated proteins in which metal ions of Fe(III) are joined to the ma‐
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trix to promote the isolation of proteins that have phosphorylate residues since the Fe(III)
ion is capable of interacting in a reversible manner with the phosphate group of the modi‐
fied peptide keeping it attached to the column [41].

Contrary to that which occurs with the reversible yet permanent PTM’s, like glycosylation,
low stoichiometry does not occur, but the addition of carbohydrates hinders the proteolytic
digestion necessary for identification by mass spectrometry [21]. In addition, when the
modified peptide is fragmented for sequencing, it loses sugar residues, impeding the identi‐
fication of the modified amino acids. To resolve this problem, digestion of the proteins is
performed so as to remove the sugar residues and produce a modification in the modified
site that makes it identifiable [42].

Electrophoresis gels may also be used in enrichment of samples for PTM’s as performed for de‐
tection of phosphorylations and glycosylations with commercially available kits. The modi‐
fied proteins, specifically labeled in the gel, are visualized and excised for identification by
mass spectrometry. One important aspect of the use of gels for identification of PTM is the pos‐
sibility of visualizing the spots differentially expressed among samples that have the PTM.

3. Research dealing with proteomics in soybeans.

3.1. Food safety

In the case of food, proteins are especially important for evaluation of food safety because they
may place consumer health at risk. That is because proteins may be involved in synthesis of
toxins and antinutrients, as well as being a toxin, an antinutrient or even an allergenic [43].

Soybeans are an important source of food throughout the world, being consumed in daily
meals of all types. It has also been widely used as a food substitute by people that have in‐
tolerance to lactose or other milk proteins [44]. Nevertheless, in this species are also found
proteins considered allergenic. Thus, knowledge regarding the proteins with toxic/antinutri‐
tional potential present in this grain becomes fundamental for development of biotechnolog‐
ical strategies that would have the target of elimination or inactivation in the genome of
these species of genes that codify for these proteins.

Therefore, application of proteomic analysis in this type of study has been widely discussed.
In relation to products derived from genetically modified (GM) foods, proteomic techniques
have been applied because they allow a wide-ranging approach and analysis of many varia‐
bles simultaneously in the same sample [45]. Ocana et al. (2007) [46], studying GM proteins
present in soybean and maize samples using proteomic analysis, identified the protein CP4
EPSPS, which confers tolerance to glyphosate herbicide. These samples were submitted to
specific separation techniques followed by two-dimensional electrophoresis and mass spec‐
trometry for detection and characterization of the proteome.

Related to allergies, various allergens belonging to the superfamily of cupins and prolamins
have been identified in soybeans [47]. Research has suggested that a heterogeneous group of
soybean proteins bond to the IgE antibody and are potential allergens as, for example, Gly
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m Bd 30k, β-conglycinin, Gly m Bd 28k, glycinin, Kunitz type protease inhibitor, some pro‐
teins present in the hull (Gly m 1.0101, Gly m 1.0102 e Gly m 2), profilin (Gly m 3), SAM 22
(Gly m 4), and other allergens like lectin and lipoxygenase [47,48]. According to Wilson et al.
(2005) [49], in spite of the allergens identified in soybeans, the challenge of food researchers
is developing a process for eradicating the immunodominant allergens, maintaining the
functionality, nutritional value and effectiveness in the subsequent products derived from
soybeans. For that reason, research has been developed using genetic engineering for silenc‐
ing the soybean gene responsible for synthesis of the protein Gly m Bd 30K, one of the main
soybean proteins that develop allergic reactions with serums of sensitive patients [44].

3.2. Biotic and abiotic factors

In a similar manner, various studies have shown that the proteomic approach is highly use‐
ful for investigation of crop response to environmental stresses because it compares the way
the proteome is affected by different physiological conditions.

Saline stress is one of the many types of abiotic stresses that affect plants and compromise
their yield. Salinity is a common agricultural problem in arid and semiarid regions and cre‐
ates large unproductive areas. There has been an ever greater search for cultivars adaptable
to this condition. Sobhanian et al. (2010) [10], used proteomic techniques to evaluate the me‐
tabolism of proteins in leaves, hypocotyls and roots submitted to different NaCl concentra‐
tions (Figure 9), thus leading to saline stress.

Results in soybeans suggest that, in adaptation to saline conditions, proteins perform different
roles in each organ, and the proteins most affected by saline stress are those related to photo‐
synthesis. Therefore, there is less energy production, and, consequently, reduction in plant
growth. The conclusion suggests that the gene Glyceraldehyde-3-phosphate dehydrogenase
may be, in the future, one of the target genes to improve tolerance to saline stress in this species.

Another type of abiotic stress studied in soybeans in which a proteomic approach is used is
flooding stress [50,51]. Growing this species in areas subject to flooding makes the root envi‐
ronment anoxic, affecting nodulation or root growth. That way, plants respond with greater
or less efficiency, allowing the distinction between cultivars which are tolerant and intoler‐
ant to this stress.

Proteomic analyses of soybean seedlings in response to flooding were undertaken by Shi et
al. (2008) [52] to identify the key proteins involved in this process. To identify the first pro‐
teins produced in response to flooding, the roots of the seedlings were used for extraction of
the proteins. The two-dimensional gel results suggest that cytosolic ascorbate peroxidase 2
(cAPX 2) is involved in response to flooding stress in young soybean seedlings.

In the case of drought stress, up-regulation of reactive oxygen species (ROS) scavengers
such as superoxide dismutase (SOD) was reported in soybean seedlings [53]. The proteome
analysis of two-day-old soybean seedlings subjected to drought stress by withholding of
water for two days revealed a variety of responsive proteins involved in metabolism, dis‐
ease/defense and energy including protease inhibitors [53]. The major reason for loss of crop
yields under drought stress is a decrease in carbon gain through photosynthesis. Proteome
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analysis of soybean root under drought condition showed that two key enzymes involved in
carbohydrate metabolism, UDP- glucose pyrophosphorylase and 2,3-bisphosphoglycerate
independent phosphoglycerate mutase, were down-regulated upon exposure to drought
[54]. The identification of proteins such as UDP-glucose pyrophosphorylase and 2,3- bi‐
sphosphoglycerate has provided new insights that may lead to a better understanding of the
molecular basis of responses to drought stress in soybean

Figure 9. Soybean seedlings submitted to different concentrations of NaCl [10].

Stress by toxicity caused by the presence of high quantities of aluminum in the soil has also
been investigated in soybeans from the perspective of proteomics [55,56]. Duressa et al.
(2011) [56], studying cultivars tolerant and susceptible to high doses of aluminum, made
proteomic analyses of roots, arriving at the conclusion that the greatest expression of en‐
zymes involved with citrate synthesis would be a good strategy in the search for cultivars
tolerant to this mineral (Figure 10).

Another focus of the study within the context of selection of superior soybean genotypes using
the proteomic approach is exposure to ultraviolet radiation, which has gained importance with
the prominent worldwide concern for global warming and the consequent degradation of the
ozone layer. Xu et al. (2007) [57], studied the proteome of soybean leaves to investigate the pro‐
tective role of flavonoids against the incidence of UV-B radiation. The authors suggest that
high levels of flavonoid reduce the sensitivity of the plant to this radiation.

In relation to biotic stresses caused by pathogens like fungi, bacteria, nematodes and virus‐
es, proteomic tools are also greatly used because they allow understanding of the plant-
pathogen relationship [11,58,59,60] and also how the nodulation process occurs by means of
symbiosis between the soybean roots and rhizobia [61]. In these cases, proteomic analysis
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provides the information that will be used by genetic breeding in the search for cultivars re‐
sistant to various diseases.

Figure 10. profile of aluminum regulated-proteins in PI 416937 72 h posttreatment [56].

Zhang et al. (2011) [58] evaluated the responses of cultivars tolerant and susceptible to the fun‐
gus Phytophthora sojae by means of two-dimensional electrophoresis. The authors observed 46
proteins being expressed (Figure 11), among which only 11% were related to plant defense.

In addition, proteomic studies that deal with seed development also play an essential role
[62]. The data obtained may help to interpret the function of genes that determine protein
concentration, considered as a key characteristic for genetic breeding of soybeans. Moreover,
differential proteomic analyses designed to describe the changes that occur from maturation
to senescence in organs and organelles have been reported. There is also already a soybean
proteome database, providing information on the proteins involved in the soybean response
to stress caused by drought, salinity and, principally, flooding [63].

Figure 11. Identification of 26 and 20 protein spots from Yudou25 (A) and NG6255 (B), respectively. The numbers
with arrows indicate the differentially expressed protein spots. Ip and Mr are shown on the gels [58].
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4. Final considerations

In light of the above, proteomics in soybean studies contributes to diverse biotechnological
applications, with its approach proving to be fundamental. Its use in the search for superior
soybean materials has the purpose of comparing and contrasting genotypes for a deter‐
mined type of stress and identifying the proteins that respond to the stress by means of
changes in their levels of expression. The identification of these molecules and their respec‐
tive functions will allow direction of breeding work, which should continue only with those
that perform roles related to the characteristic of stress tolerance.

For that reason, it is essential to cross proteomic data with information also gathered from
genomics, transcriptomics and metabolomics so as to check the correlation of the candidate
proteins with the desired characteristic. The following stage aims to evaluate these proteins
(genes) in regard to their segregation for the characteristic of interest or quantitative trait lo‐
cus (QTL), that is, determine how much each one of them contributes to the characteristic of
tolerance. Finally, the selected genes may be integrated in marker assisted selection (MAS)
or in genetic transformation programs.
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1. Introduction

Soybean is the most important crop provider of proteins and oil used in animal nutrition
and for human consumption. Plant breeders continue to release improved cultivars with en‐
hanced yield, disease resistance, and quality traits. It is also the most planted genetically
modified crop. The narrow genetic base of current soybean cultivars may lack sufficient al‐
lelic diversity to counteract vulnerability to shifts in environmental variables. An investiga‐
tion of genetic relatedness at a broad level may provide important information about the
historical relationship among different genotypes. Such types of study are possible thanks to
different markers application, based on variation of organelle DNA (mtDNA or cpDNA).

2. Mitochondrial genome

2.1. Genomes as markers

Typically, all sufficiently variable DNA regions can be used in genetic studies of popula‐
tions and in interspecific studies. Because of in seed plants chloroplasts and mitochondria
are mainly inherited uniparentally, organelle genomes are often used because they carry
more information than nuclear markers, which are inherited biparentally. The main benefit
is that there is only one allele per cell and per organism, and, consequently, no recombina‐
tion between two alleles can occur. With different dispersal distances, genomes inherited bi‐
parentally, maternally and paternally, also reveal significant differences in their genetic
variability among populations. In particular, maternally inherited markers show diversity
within a population much better [1].
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In gymnosperms the situation is somewhat different. Here, chloroplasts are inherited main‐
ly paternally and are therefore transmitted through pollen and seeds, whereas mitochondria
are largely inherited maternally and are therefore transmitted only by seeds [2]. Since pollen
is distributed at far greater distances than seeds [3], mitochondrial markers show a greater
population diversity than chloroplast markers and therefore serve as important tools in con‐
ducting genetic studies of gymnosperms [4]. Mitochondrial markers are also sometimes
used in conjunction with cpDNA markers [5].

Mitochondrial  regions  used  in  interspecific  studies  of  plants,  mainly  gymnosperms,  in‐
clude, for example, introns of the NADH dehydrogenase gene nad1 [4, 5, 6], the nad7 in‐
tron 1 [7], the nad5 intron 4 [3] and an internally transcribed spacer (ITS) of mitochondrial
ribosomal DNA [8, 9].

In addition to the aforementioned organelle markers, microsatellite markers [10, 11] and
simple sequence repeats (SSR) are often used in population biology, and sometimes also in
phylogeographic studies. Microsatellites are much less common in plants than in animals
[12]. However, they are present in both the nuclear genome and the organelle genome. Mi‐
crosatellites may reveal a high variability, which may be useful in genetic studies of popula‐
tions, whereas other sequences or methods such as fingerprinting do not detect mutations
sufficiently [9,10,13]. Inherited only uniparentally, organelle markers have a certain quality
in phylogeographic analyses. Since they are haploid, the effective population size should be
reduced after the analysis using these markers as compared to those in which nuclear mark‐
ers are used [1, 14]. Smaller effective populations sizes should bring about faster turnover
rates for newly evolving genotypes, resulting in a clearer picture of past migration history
than those obtained using nuclear markers [15-17].

Initially, it was mainly in phylogeographic studies of animal species that mitochondrial
markers were used [18]. These studies have provided some interesting data on the begin‐
nings and the evolutionary history of human population [19]. In contrast to studies of ani‐
mals, using mitochondrial markers in studies of plants, especially angiosperms, is limited
[20]. Presently, cpDNA markers are most commonly used in phylogeographic studies of an‐
giosperms, whereas mitochondrial markers are prevalent in studies of gymnosperms.

2.2. Plant mitochondrial DNA

Mitochondrial genomes of higher plants (208-2000 kbp) are much larger than those of verte‐
brates (16-17 kbp) or fungi (25-80 kbp) [21, 22]. In addition, there are clear differences in size
and organization of mitochondrial genomes between different species of plants. Intramolec‐
ular recombination in mitochondria leads to complex reorganizations of genomes, and, in
consequence, to alternating arrangement of genes, even in individual plants, and the occur‐
rence of duplications and deletions are common [23]. In addition, the nucleotide substitution
rate in plant mitochondria is rather low [24], causing only minor differences within certain
loci between individuals or even species. Extensively characterized circular animal mito‐
chondrial genomes are highly conservative within a given species; they do not contain in‐
trons and have a very limited number of intergenic sequences [25]. Plant mitochondrial
DNA (mtDNA) contains introns in multiple genes and several additional genes undergoing
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expression when compared to animal mitochondria, but most of the additional sequences in
plants are not expressed and they do not seem to be esssentials [26]. The completely se‐
quenced mitochondrial genomes are available for several higher plants, including Arabidop‐
sis thaliana [27] or Marchantia polymorpha [28].

Restriction maps of nearly all plant mitochondrial genomes provide for the occurrence of the
master circle with circular subgenomic molecules that arise after recombination among large
direct repeats (> 1 kbp) [21, 29-36], which are present in most mitochondrial genomes of higher
plants. However, such molecules, whose sizes can be predicted, are very rare or very difficult
to observe. It can be explained by the fact that plant mitochondrial genomes are circularly per‐
muted as in the phage T4 [37, 38]. Oldenburg and Bendich reported that mostly linear mole‐
cules in Marchantia mtDNA are circularly permuted with random ends [39]. It shows that plant
mtDNA replication occurs similarly to the mechanism of recombination in the T4 [38].

Many reports that have appeared in recent years indicate that mitochondrial genome of
yeasts and of higher plants exist mainly as linear and branched DNA molecules with varia‐
ble size which is much smaller than the predicted size of the genomes [39-44]. Using pulsed
field gel electrophoresis (PFGE) of in-gel lysed mitochondria from different species revealed
that only about 6-12% of the molecules are circular [41, 44]. The observed branched mole‐
cules are very similar to the molecules seen in yeast in the intermediate stages of recombina‐
tion of mtDNA [45] or the phage T4 DNA replication [37, 38].

In all but one known case (Brassica hirta) [46], plant mitochondrial genomes contain repeat
recombinations. These sequences, ranging in length from several hundred to several thou‐
sand nucleotides (nt) exist at two different loci in the master circle, yet in four mtDNA se‐
quence configurations [47]. These four configurations correspond to the reciprocal exchange
of sequences 5' and 3' surrounding the repeat in the master circle, which suggests that the
repeat mediates homologous recombination. Depending on the number and orientation of
repeats, the master circle is a more or less complex set of subgenomic molecules [48].

Maternally inherited mutations, which are associated with mitochondria in higher plants,
most often occur as a result of intra- and intergenic recombination. This happens in most
cases of cytoplasmic male sterility (cms) [41, 49-51], in chm-induced mutation in Arabidopsis
[52] and in non-chromosomal stripe mutations in maize [53]. In this way, it is assumed that
the recombination activity explains the complexity of the variations detected in the mito‐
chondrial genomes of higher plants.

2.3. Mitochondrial genome of soybean

The size of soybean mtDNA has been estimated to be approximately 400 kb [54-56]. Spheri‐
cal molecules have also been observed by electron microscopy [55, 57].

Repeated sequences 9, 23 and 299 bp have been characterized in soybean mitochondria [58,
59]. Also, numerous reorganizations of genome sequences have been characterized among
different cultivars of soybean. It has been demonstrated that they occur through homolo‐
gous recombination produced by these repeat sequences [58, 60, 61], or through short ele‐
ments that are part of 4.9kb PstI fragment of soybean mtDNA [62]. The 299 bp repeat
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sequence has been found in several copies of mtDNA of soybean and in several other higher
plants, suggesting that this repeated sequence may represent a hot spot for recombination of
mtDNA in many plant species [59, 62]. Previous results suggested that active homologous
recombinations of mtDNA are present in at least some species of plants. Recently (2007)
amitochondrial-targeted homolog of the Escherichia coli recA gene in A. thaliana has been
identified [63]. However, the data on recombnation activity in plant mitochondria is still
missing. The first data on such an activity in soybean was obtained in 2006 [64]. This discov‐
ery is supported by an analysis of mtDNA of soybean using electron microscopy and 2D-
electrophoresis. The results suggest that only a small portion of mtDNA molecules
undergoes recombination at any given time. Therefore the question is whether this recombi‐
nation is essential to the functioning of mitochondria and to plant growth.

The repeated sequences of the atp6, atp9 and coxII genes have been also characterized, but
their recombination activity has not been analysed [65].

The first data for the restriction map of soybean mtDNA were obtained from the analysis of
loci of the atp4 gene [48]. In the vicinity of this gene two repeated sequences that show char‐
acteristics of recombination repeats have been found [47, 48]. Active recombination repeats
were also identified in circular molecules smaller than 400 kb [55, 66]. These observations
suggest that soybean mtDNA has multipartite structure that is similar to other plant mito‐
chondrial genomes containing recombination repeats.

In the mitochondrial genome of cultivar Williams 82, recombinantly active repeats 1 kb and
2 kb have been described [48]. In a different repeat of 10 kb, surrounding both 1 kb and 2 kb
repeats, two breakpoints have been identified. This recombination of smaller and larger re‐
peats probably leads to the complex structure of genomes.

The analysis of restriction fragment length polymorphism (RFLP) of mtDNA seems to be a
useful method in studying phylogenetic relationships within species.

Grabau et al. (1992) analyzed the genomes of 138 soybean cultivars [60]. Using 2.3 kb Hin‐
dIII mtDNA probe from Williams 82 soybean cultivar revealed restriction fragment length
polymorphisms (RFLPs), which allowed for the division of many soybean cultivars into four
cytoplasmic groups: Bedford, Arksoy, Lincoln and soja-forage.

Subsequent analyses showed variations within, and adjacent to, the 4.8 kb repeats. Bedford
cytoplasm turned out to be the only one that contains copies of the repeat in four different
genomic environments, which indicates its recombination activity [61]. Lincoln and Arksoy
cytoplasms contain two copies of the repeat and a unique fragment that appear to result
from rare recombination events outside, but near, the repeat. In contrast, forage-soja cyto‐
plasm contains no complete repeat, but it contains a unique truncated version of the repeat
[61]. Sequence analysis revealed that truncating is caused by the recombination with a re‐
peat of 9 bp CCCCTCCCC. The structural reorganization that occurred in the region around
4.8 kb repeat may provide a way to analyze the relationships between species and evolution
within the soybean subgenus.

In order to  determine the sources of  cytoplasmic variability,  Hanlon and Grabau (1995)
studied the old cultivars of  soybeans with the same 2.3-kb HindIII  fragment and with a
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mtDNA fragment containing the atp6 gene [62]. They showed that mtDNA RFLP analysis
with  these  probes  is  useful  for  the  classification  of  mitochondrial  genomes  of  soybean.
Grabau and Davies (1992) made a general classification of wild soybean using the 2.3-kb
HindIII as a probe [68].

Mt type Probe coxI coxII atp6 Reference

Enzyme HindIII BamHI EcoRI HindIII BamHI EcoRI BamHI EcoRI

Ic 1,6 5,8 5,0 [69]

Id 1,6 5,8 5,0;6,0 ;12,0 [69]

Ie 1,6 5,8 5,0; 12,0 [69]

Ik 1,6 5,8 5,0; 5,4; 5,8 [69]

IIg 1,3 7,0 1,0; 2,6 [69]

IIIa 1,2 8,5 2,4; 5,0 [69]

IIIb 1,2 8,5 2,9; 5,0 [69]

IIId 1,2 8,5 5,0;6,0; 12,0 [69]

IVa 3,5 8,1 2,4; 5,0 [69]

IVb 3,5 8,1 2,9; 5,0 [69]

IVc 3,5 8,1 5,0 [69]

IVf 3,5 8,1 2,4; 3,5; 5,0 [69]

IVh 3,5 8,1 2,6; 2,9 [69]

IVi 3,5 8,1 5,2; 12,0 [69]

Va 5,8 8,1 2,4; 5,0 [69]

V’j 5,8 15,0 5,0; 6,0 [69]

VIg 1,7 5,8 1,0; 2,6 [69]

VIIg 8,5 15,0 1,0; 2,6 [69]

mtI 1,6 5,8 [69]

mtII 1,3 7,0 [69]

mtIII 1,2 8,1 [69]

mtIV 3,5 [69]

mtV 5,8 [69]

mt-a 2,4; 5,0 [87]

mt-b 2,9; 5,0 [87]

mt-c 5,0 [87]

mt-d 5,0; 6,0; 12,0 [87]

mt-e 5,0; 12,0 [87]
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Mt type Probe coxI coxII atp6 Reference

Enzyme HindIII BamHI EcoRI HindIII BamHI EcoRI BamHI EcoRI

mt-f 2,4; 3,5; 5,0 [87]

mt-g 1,0; 2,6 [87]

mt-h 2,6; 2,9 [87]

mt-m 2,9 [87]

mt-n 12,0 [87]

Ic 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0 8,2; 12,0 [58]

Id 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 6,0; 12,0 2,8; 6,0;

12,0

[58]

Ie 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 12,0 2,8; 6,0;

12,0

[58]

Ik 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 5,4; 5,8 2,8; 6,0;

12,0

[58]

IIg 8,5 0,8; 2,5; 5,0 9,0 1,3 7,0 4,8 1,0; 2,6 2,8; 3,0; 9,5[58]

IIIb 5,6 0,8; 2,5; 5,0 10,5 1,2 8,5 6,2; 6,5 2,9; 5,0 6,0; 8,2;

12,0

[58]

IIId 5,6 0,8; 2,5; 5,0 10,5 1,2 8,5 6,2; 6,5 5,0; 6,0; 12,0 3,2; 6,2;

12,0

[58]

Iva 5,6 0,8; 2,5; 5,0 10,5 3,5 8,1 5,0 2,4; 5,0 3,0; 6,0;

12,0

[58]

IVb 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,9; 5,0 6,0; 8,2;

12,0

[58]

IVc 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 5,0 8,2; 12,0 [58]

IVf 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,4; 3,5; 5,0 3,2; 6,2;

12,0

[58]

IVh 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,6; 2,9 3,2; 6,2;

12,0

[58]

IVi 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 5,2; 12,0 3,2; 6,2;

12,0

[58]

Va 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 2,4; 5,0 3,0; 6,0;

12,0

[58]

Vb 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 2,9; 5,0 6,0; 8,2;

12,0

[58]

Vc 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 5,0 8,2; 12,0 [58]

V’j 5,6 0,8; 2,5; 5,0 10,5 5,8 15,0 1,6 5,0; 6,0 2,8; 6,0;

12,0

[58]
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Mt type Probe coxI coxII atp6 Reference

Enzyme HindIII BamHI EcoRI HindIII BamHI EcoRI BamHI EcoRI

mt-f 2,4; 3,5; 5,0 [87]

mt-g 1,0; 2,6 [87]

mt-h 2,6; 2,9 [87]

mt-m 2,9 [87]

mt-n 12,0 [87]

Ic 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0 8,2; 12,0 [58]

Id 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 6,0; 12,0 2,8; 6,0;

12,0

[58]

Ie 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 12,0 2,8; 6,0;

12,0

[58]

Ik 5,6 0,8; 2,5; 5,0 10,5 1,6 5,8 1,9 5,0; 5,4; 5,8 2,8; 6,0;

12,0

[58]

IIg 8,5 0,8; 2,5; 5,0 9,0 1,3 7,0 4,8 1,0; 2,6 2,8; 3,0; 9,5[58]

IIIb 5,6 0,8; 2,5; 5,0 10,5 1,2 8,5 6,2; 6,5 2,9; 5,0 6,0; 8,2;

12,0

[58]

IIId 5,6 0,8; 2,5; 5,0 10,5 1,2 8,5 6,2; 6,5 5,0; 6,0; 12,0 3,2; 6,2;

12,0

[58]

Iva 5,6 0,8; 2,5; 5,0 10,5 3,5 8,1 5,0 2,4; 5,0 3,0; 6,0;

12,0

[58]

IVb 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,9; 5,0 6,0; 8,2;

12,0

[58]

IVc 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 5,0 8,2; 12,0 [58]

IVf 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,4; 3,5; 5,0 3,2; 6,2;

12,0

[58]

IVh 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 2,6; 2,9 3,2; 6,2;

12,0

[58]

IVi 5,6 0,8; 2,5; 5,0 10,5 3,5 5,8 5,0 5,2; 12,0 3,2; 6,2;

12,0

[58]

Va 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 2,4; 5,0 3,0; 6,0;

12,0

[58]

Vb 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 2,9; 5,0 6,0; 8,2;

12,0

[58]

Vc 5,6 0,8; 2,5; 5,0 10,5 5,8 5,8 12,0 5,0 8,2; 12,0 [58]

V’j 5,6 0,8; 2,5; 5,0 10,5 5,8 15,0 1,6 5,0; 6,0 2,8; 6,0;

12,0

[58]
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Mt type Probe coxI coxII atp6 Reference

Enzyme HindIII BamHI EcoRI HindIII BamHI EcoRI BamHI EcoRI

VIg 5,6; 8,5 0,8; 2,5; 5,0;

5,2

9,0; 10,5 1,7 5,8 4,5 1,0; 2,6 2,8; 3,0;

4,3; 9,5;

12,0

[58]

VIIg 8,5 0,8; 5,0; 5,2 9,0 8,5 15,0 1,6 1,0; 2,6 2,8; 3,0; 9,5[58]

VIIIc 5,6 0,8; 2,5; 5,0 10,5 8,5; 10,0 11,0;

15,0

1,6 5,0 8,2; 12,0 [58]

Combined chloroplast and mitochondrial genome type

cpI

+mtIIIb

1,2 8,5 2,9; 5,0 [89]

cpI

+mtIVb

3,5 8,1 2,9; 5,0 [89]

cpI+mtIVc 3,5 8,1 5,0 [89]

cpII

+mtIVb

3,5 8,1 2,9; 5,0 [89]

cpII

+mtIVc

3,5 8,1 5,0 [89]

cpIII+mtIe 1,6 5,8 5,0; 12,0 [89]

cpIII

+mtIVa

3,5 8,1 2,4; 5,0 [89]

cpIII

+mtVIIIc

8,5; 10,0 11,0;

15,0

5,0 [89]

Table 1. Classification of mitochondrial genome types based on RFLPs using coxI, coxII and atp6 as probes. Sizes of
hybridization signals (kb) are shown.

In their research Tozuka et al. (1998) used two fragments of mtDNA as probes: the 0.7-kb
Hindlll-NcoI fragment containing the coxII (the gene encoding the mitochondrial cytochrome
oxidase subunit II) of wild soybean and the 0.66-kb StyI fragment containing the atp6 (the
gene encoding the mitochondrial ATPase subunit 6) from Oenothera [69, 70] (Table 1).

Based on the RFLPs detected in gel-blot analysis with the coxII and atp6 probes, the harvested
plants were divided into 18 groups. Five mtDNA types were described in 94% of the surveyed
plants. The geographical distribution of mtDNA types revealed that in many regions soybean
growing wild in Japan consisted of a mixture of plants with different types of mtDNA, some‐
times even within a single location. Some of these mtDNA types have shown marked geo‐
graphic clines among the regions. In addition, some wild soybeans had mtDNA types that
were identical to those described in cultivated soybeans. These results suggest that mtDNA
analysis could resolve maternal origin among of the genus Glycine subgenus Soja [69].
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Kanazawa et al. (1998) gathered 1097 G. soja plants from all over Japan and analyzed their
RFLP of mitochondrial DNA (mtDNA) using five probes (coxI, coxII, atp6, atp9, atp1=atpA)
[58] (Table 1). 20 different types of mitochondrial genomes labeled as combinations of types
I to VII and types from a to k were identified and characterized in this study. Nearly all the
mtDNA types described for soybean cultivars also occurred in wild soybean.

The mitochondrial atpA gene was also analysed [48]. It was shown that in soybean this gene
has a sequence in 90-97% identical with mitochondrial genes of other plants [71-81]. Se‐
quence similarity is limited to the atpA coding region. An intriguing feature of the atpA open
reading frame of soybean is an 642 nt overlap in the putative translation termination site on‐
to an unidentified open reading frame of the orf214. The ends of the open reading frame con‐
tain four tandems of UGA codon that covers four tandems of AUG codon that initiates an
unidentified orf214 frame. The atpA-orf 214 region was found in soybean mtDNA in multiple
sequence contexts. This can be attributed to the presence of two recombination repeats.

The open reading frame shares 79% of nucleotide identity with the orf214 and is located in
the same atpA locus position as in common bean orf209 [82]. Since such organization is a re‐
peat of overlapping the atpB and atpE reading frames in several chloroplast genes [83, 84],
the probability that the orf214 codes a different ATPase subunit cannot be evaluated because
small ATPase subunits are poorly conserved [85].

So for a total of 26 mtDNA haplotypes of wild soybeans have been identified based on RFLP
with probes from two mitochondrial genes: cox2 and atp6 [69, 86] (Table 1). The three most
common haplotypes (Id, IVa and Va) are present in 43 populations. The distribution of mtDNA
haplotypes varies among opulations [87]. Recently Shimamoto (2001) analyzed the genetic
polymorphisms of mitochondrial genes subgenus Soja originating from China and Japan [88]
(Table 1). As a result of these studies, 6 types of mitochondrial genomes were distinguished.

3. Chloroplast genome

As the result of the extensive research conducted in the past two decades, cpDNA analysis
brought about fundamental changes to the systematics of plants. The chloroplast genome is
ideal for phylogenetic analyses of plants for several reasons. First, it occurs abundantly in
plant cells and is taxonomically ubiquitous. And since it is well researched, it can be easily
tested in the laboratory conditions and analyzed in comparative programs. Moreover, it of‐
ten contains marker structural features cladistically useful, and, above all, it exhibits moder‐
ate or low rate of nucleotide substitution [89]. In regard to the mitochondrial genome, and
also to cpDNA, researchers use in their studies two distinct phylogenetic approaches [90],
namely taxonomic checking of specific traits features of molecular cpDNA and sequencing
of specific genes or regions.

3.1. Chloroplast genome of soybean

In estimating the phylogeny of plants belonging to Glycine, particular attention was paid to
unusual and specific features of cpDNA. In the course of many studies on the variability of
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tain four tandems of UGA codon that covers four tandems of AUG codon that initiates an
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peat of overlapping the atpB and atpE reading frames in several chloroplast genes [83, 84],
the probability that the orf214 codes a different ATPase subunit cannot be evaluated because
small ATPase subunits are poorly conserved [85].

So for a total of 26 mtDNA haplotypes of wild soybeans have been identified based on RFLP
with probes from two mitochondrial genes: cox2 and atp6 [69, 86] (Table 1). The three most
common haplotypes (Id, IVa and Va) are present in 43 populations. The distribution of mtDNA
haplotypes varies among opulations [87]. Recently Shimamoto (2001) analyzed the genetic
polymorphisms of mitochondrial genes subgenus Soja originating from China and Japan [88]
(Table 1). As a result of these studies, 6 types of mitochondrial genomes were distinguished.

3. Chloroplast genome

As the result of the extensive research conducted in the past two decades, cpDNA analysis
brought about fundamental changes to the systematics of plants. The chloroplast genome is
ideal for phylogenetic analyses of plants for several reasons. First, it occurs abundantly in
plant cells and is taxonomically ubiquitous. And since it is well researched, it can be easily
tested in the laboratory conditions and analyzed in comparative programs. Moreover, it of‐
ten contains marker structural features cladistically useful, and, above all, it exhibits moder‐
ate or low rate of nucleotide substitution [89]. In regard to the mitochondrial genome, and
also to cpDNA, researchers use in their studies two distinct phylogenetic approaches [90],
namely taxonomic checking of specific traits features of molecular cpDNA and sequencing
of specific genes or regions.

3.1. Chloroplast genome of soybean

In estimating the phylogeny of plants belonging to Glycine, particular attention was paid to
unusual and specific features of cpDNA. In the course of many studies on the variability of
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chloroplast genome, a breakthrough came in 1993, with a study on assessing phylogeny of
seed plants. The study used a huge database of the nucleotide sequences of the rbcL gene
[91], encoding the ribulose-1,5-bisphosphate carboxylase, large subunit. The accumulation of
a number of comparative data on this chloroplast gene made it a frequent object of research.
This is due to the fact that this gene's locus is large (> 1400 bp), and provides many phyloge‐
netically informative traits. The rate of the rbcL evolution proved to be appropriate for as‐
sessing issues related to phylogeny of plants, especially on the medium and high taxonomic
levels. Over the years other sequences from other species as well as many other genes with
another chloroplast atpB gene coding H+ -ATPase subunits [92-95]. The atpB-rbcL sequence
reaches different lengths in Glycine as well as in other seed plants. The study by Chiang
(1998) shows that the size of the atpB-rbcL space in the studied species ranges from 524 bp to
1000 bp [5], where in the non-coding region the occurrence of deletions and insertions, as
well as a number of nucleotide substitutions is a common phenomenon, which can also be
observed in Glycine. In Glycine max, its chloroplast genome differs from the core set chloro‐
plast DNA genes because of the presence of a single, large inversion of approximately 51 kb,
in the area between the rbcL gene and the rps16 intron [96]. This inversion is also present in
other legumes: the mutation was reported in Lotus and Medicago [96]. In addition, the non-
coding atpB-rbcL region is rich in AT, due to which most non-coding regions rich in these
base pairs show a small number of functions [97, 98]. Therefore, this predisposes them for
faster evolution, and hence for use in molecular systematics.

The summary phylogeny was based on sequence of several cpDNA genes from hundreds of
spermatophytes including Glycine (Table 2). These genes can be divided into three classes.
The genes encoding the photosynthetic apparatus structure form the first class. The second
class includes the rRNA genes and genes encoding the chloroplast genetic apparatus. The
last class consists of an average of about 30 tRNA encoding genes [99], although their num‐
ber can vary from 20 to 40 [100, 101].

Genes Products

Genes for the photosynthesis system

rbcL Ribulose -1,5- bisphosphate carboxylase, large subunit

psaA, B Photosystem I, P700 apoproteins A1, A2

psaC 9kDa protein

psaA Photosystem II, D1 protein

psaB 47kDa chlorophyll a-binding protein

psaC 43 kDa chlorophyll a-binding protein

psaD D2 protein

psaE Cytochrome b559 (8kDa protein)

psaF Cytochrome b559 (4kDa protein)

psaH 10 kDa phosphoprotein
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Genes Products

Genes for the photosynthesis system

psaI, J, K, L, M, N –J, -K, -L, -M, -N-proteins

atpA, B, E H+ -ATPase, CF1 subunits α, β, ε

atp F, H, I CF0 subunits I, III, IV

petB, D Cytochrome b6 /f complex, subunit b6, IV

nadA- K NADH Dehydrogenase, subunits ND 1, NDI 1

Genes for the genetic system

16S rRNA 16S rRNA

23S rRNA 23S rRNA

trnA -UGC Alanine tRNA (UGC)

trnG- UCC Gliycine tRNA (UCC)

rnH- GUG Histidine tRNA (GUG)

trnI- GAU Isoleucine tRNA (GAU)

trnK- UUU Lysine tRNA (UUU)

trnL- UAA Leucine tRNA ( UAA)

rps2, 7, 12, 16 30S: ribosomal proteins CS2, CS7, CS12, CS16

rp12, 20, 32 50S: ribosomal proteins CL2, CL 20, CL32

rpoA, B, C1, C2 RNA polymerase, subunits α, β, β’, β’’

matK Maturase –like protein

sprA Small plastid RNA

Others

clpP ATP-dependent protease, proteolytic subunit

irf168 (ycf3) Intron- containing Reading frame ( 168 codons)

Table 2. Chloroplast genes for the photosynthesis system, for the genetic and others.

The complete size of the Glycine max chloroplast genome is 152,218 bp. It contains 25,574 bp
of inverted repeats (IRa and IRb), which are separated by a unique small single copy (SSC)
region (17,895 bp) [98]. In addition, this genome consists of a large single region (LSC) of
unique sequences with 83,175 bp. The IR extends from the rps19 gene up to the ycf1. The
Glycine chloroplast genome contains 111 unique genes and 19 duplicate copies in the IR,
amounting to a total of 130 genes. The cpDNA analysis has showed the presence of 30 dif‐
ferent tRNAs in it and 7 of them are repeated within the IR regions. The genes are composed
in 60% of encoding regions (52% are protein coding genes and 8% are RNA genes), and in
40% of non-coding regions, including both intergenic spacers and introns. The total content
of GC and AT pairs in the Glycine chloroplast genes is 34% and 66% respectively. Distinctly
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rpoA, B, C1, C2 RNA polymerase, subunits α, β, β’, β’’

matK Maturase –like protein

sprA Small plastid RNA

Others

clpP ATP-dependent protease, proteolytic subunit

irf168 (ycf3) Intron- containing Reading frame ( 168 codons)

Table 2. Chloroplast genes for the photosynthesis system, for the genetic and others.

The complete size of the Glycine max chloroplast genome is 152,218 bp. It contains 25,574 bp
of inverted repeats (IRa and IRb), which are separated by a unique small single copy (SSC)
region (17,895 bp) [98]. In addition, this genome consists of a large single region (LSC) of
unique sequences with 83,175 bp. The IR extends from the rps19 gene up to the ycf1. The
Glycine chloroplast genome contains 111 unique genes and 19 duplicate copies in the IR,
amounting to a total of 130 genes. The cpDNA analysis has showed the presence of 30 dif‐
ferent tRNAs in it and 7 of them are repeated within the IR regions. The genes are composed
in 60% of encoding regions (52% are protein coding genes and 8% are RNA genes), and in
40% of non-coding regions, including both intergenic spacers and introns. The total content
of GC and AT pairs in the Glycine chloroplast genes is 34% and 66% respectively. Distinctly
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higher percentage of AT pairs (70%) was observed in non-coding regions than in coding re‐
gions (62% AT) [98].

In comparison with other eukaryotic genomes, cpDNA is highly concentrated, for example,
only 32% of the rice genome is non-coding. In Glycine max it is slightly more – 40%. Most of
the non-coding DNA is found in very short fragments that separate functional genes. Some
studies have shown complex patterns of mutational changes in the non-coding regions.
Some of the best known regions in the chloroplast genome is the farther region of the rbcL
gene in many legumes. This non-coding sequence is flanked by the rbcL and psaI (the gene
encoding the polypeptide I of photosystem I).

3.2. Extent of IR in Glycine

Analysis of the IR (inverted repeats) regions in Glycine max has shown that they are separat‐
ed by a large region and a small region of a unique sequence. In cpDNA repeated sequences
are usually located asymmetrically, which results in the formation of long and short regions
of a unique sequence [102]. The IR in Glycine is a region with 25,574 bp containing 19 genes.
At the IR/LSC junction, at the ends of the 5' IR, there is the repeated rps19 gene (68 bp), and
at the junction of the IR/SSC and 5' ends the duplicated ycf1 gene (478 bp) is located. In the
course of study it was shown that comparing cpDNA IR region in Medicago, Lotus, Glycine
and Arabidopsis indicates that there are changes within the IR in the two legumes. Glycine
and Lotus have 478 bp and 514 bp of the ycf1 duplicated, whereas Arabidopsis has 1,027 bp
duplicated in the IR. This contraction of the IR in these legumes accounts for the smaller size
of their IR and larger size of the SSC. In addition, contraction of the IR boundary in legumes,
IRa has been lost in Medicago. This loss has resulted in ndhF (usually located in the SSC) be‐
ing adjacent to trnH (usually the first gene in the LSC at the LSC/IRa junction). Loss of one
copy of the IR in some legumes provides support for monophyly of six tribes [103-106].
Wolfe (1988) identified duplicated sequences of portions of two genes, 40 bp of psbA and 64
bp of rbcL, in the region of the IR deletion between trnH and ndhF in Pisum sativum and these
duplications were later identified in broad bean (Vicia faba) [104,107]. According to many re‐
searchers, the IR region is considered the most conserved part of the chloroplast genome,
and thus, it is responsible for stabilizing the plastid DNA molecules [108, 109]. Thus the loss
of IR can be phylogenetically informative at the local level, as well as misleading at the glob‐
al phylogeny level, because the IR loss likely occurred independently in more than one
group of plants. Coniferous and some legumes (Pisum sativum, Vicia faba, Medicago sativa),
for example, contain only one IR. Perhaps the lack of repeat sequences in these plants is as‐
sociated with an increased incidence of rearrangement of chloroplast genomes [109].

Introns or intergenic sequences in legume chloroplast DNA have become extremely impor‐
tant tools in phylogenetic analyses aimed at systematizing of this species [110, 111]. More‐
over, their microstructural changes occur with great frequency in the regions of cpDNA. The
body of existing research suggests that mutations in the non-coding regions and relatively
fast evolution of the organelle genome encoding regions can serve as valuable markers for
the separation species in their evolutionary origin [110, 111]. The systematics of plants gen‐
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erally considers chloroplast indeles to be phylogenetic markers, because of their low preva‐
lence in comparison with nucleotide substitutions [5].

3.3. CpDNA markers

There are many methods of generating molecular markers that rely on site-specific amplifi‐
cation of a selected DNA fragment using polymerase chain reaction (PCR) and its further
processing (restriction analysis, sequencing). Initially the research on the plant genome
(mostly phylogenetic studies) used non-coding and coding sequences of chloroplast DNA.
With time, the genes or DNA segments located in the nuclear DNA, mitochondrial
(mtDNA) and chloroplast (cpDNA) found a prominent place among plant DNA markers.
Fully automated DNA sequencing made it possible to subject ever-newer regions of plant
DNA to comparative sequencing.

One of the most frequently sequenced cpDNA fragments in plant phylogeny of spermato‐
phytes is the rbcL gene encoding a large ribulose bisphosphate carboxylase subunit (RUBIS‐
CO), whose length in most plants is 1,428, 1,431 and 1,434 bp, and insertions and deletions
within it are extremely rare [94]. For many years this gene has been the subject of many
comprehensive phylogenetic analyses of subgenus Glycine [112-114]. The rbcL is most com‐
monly used in the analyses at the family and genus levels, but there also exists research at
the lower levels, cultivars and wild soybean [98, 115, 116]. A marker with very similar char‐
acteristics to those of the rbcL (the rate of evolution, the length of 1497 bp) is a gene encoding
the ATP synthase β subunit – the atpB [94].The matK gene sequence, encoding maturase in‐
volved in splicing of the type II introns, and whose length is 1,550 bp is characterized by a
rapid rate of evolution that allows to use it in research at the species and genus levels [117,
118]. Frequent mutations in this gene make it unsuitable for studies at higher taxonomic lev‐
els. Other popular cpDNA sequences used in phylogenetic studies of legumes include the
ndhF (the gene encoding the NADH protein, which is a dehyd98rogenase subunit), 16S
rDNA, the non-coding atpB-rbcL region [94], or the trnL (UAA) intron and mediator between
the trnL (UAA) exon and the trnF (GAA) gene [96, 117- 119].

It should be noted that the rate of evolution for a specific DNA region to be used as a marker
can vary significantly not only among systematic groups, but also within these groups [98].
Moreover, each DNA fragment within the same group has a different rate of evolution, such
as the ndhF cpDNA sequence in the Solanaceae family, which provides about 1.5 times more
information in terms of parsimony than the rbcL [90]. Therefore each gene or any other DNA
fragment used as a genetic marker has a typical range of "taxonomic" or phylogenetic appli‐
cations, which can vary significantly within a taxon. For this reason, the rbcL sequence has
been widely used in Gycine for many years at the species and genus levels [104, 117, 118].

3.4. The genetic diversity of soybeans

The importance of genetic variations in facilitating plant breeding and/or conservation strat‐
egies has long been recognized [121]. Molecular markers are useful tools for assaying genet‐
ic variation and provide an efficient means to link phenotypic and genotypic variation [122].
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within it are extremely rare [94]. For many years this gene has been the subject of many
comprehensive phylogenetic analyses of subgenus Glycine [112-114]. The rbcL is most com‐
monly used in the analyses at the family and genus levels, but there also exists research at
the lower levels, cultivars and wild soybean [98, 115, 116]. A marker with very similar char‐
acteristics to those of the rbcL (the rate of evolution, the length of 1497 bp) is a gene encoding
the ATP synthase β subunit – the atpB [94].The matK gene sequence, encoding maturase in‐
volved in splicing of the type II introns, and whose length is 1,550 bp is characterized by a
rapid rate of evolution that allows to use it in research at the species and genus levels [117,
118]. Frequent mutations in this gene make it unsuitable for studies at higher taxonomic lev‐
els. Other popular cpDNA sequences used in phylogenetic studies of legumes include the
ndhF (the gene encoding the NADH protein, which is a dehyd98rogenase subunit), 16S
rDNA, the non-coding atpB-rbcL region [94], or the trnL (UAA) intron and mediator between
the trnL (UAA) exon and the trnF (GAA) gene [96, 117- 119].

It should be noted that the rate of evolution for a specific DNA region to be used as a marker
can vary significantly not only among systematic groups, but also within these groups [98].
Moreover, each DNA fragment within the same group has a different rate of evolution, such
as the ndhF cpDNA sequence in the Solanaceae family, which provides about 1.5 times more
information in terms of parsimony than the rbcL [90]. Therefore each gene or any other DNA
fragment used as a genetic marker has a typical range of "taxonomic" or phylogenetic appli‐
cations, which can vary significantly within a taxon. For this reason, the rbcL sequence has
been widely used in Gycine for many years at the species and genus levels [104, 117, 118].

3.4. The genetic diversity of soybeans

The importance of genetic variations in facilitating plant breeding and/or conservation strat‐
egies has long been recognized [121]. Molecular markers are useful tools for assaying genet‐
ic variation and provide an efficient means to link phenotypic and genotypic variation [122].
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In recent years, the progress made in the development of DNA based marker systems has
advanced our understanding of genetic resources. These molecular markers are classified as:
(i) hybridization based markers i.e. restriction fragment length polymorphisms (RFLPs), (ii)
PCR-based markers i.e. random amplification of polymorphic DNAs (RAPDs), amplified
fragmentlength polymorphisms (AFLPs), inter simple sequence repeats (ISSRs) and micro‐
satellites or simple sequence repeats (SSRs), and (iii) sequence based markers i.e. single nu‐
cleotide polymorphisms (SNPs) [121, 123]. Majority of these molecular markers have been
developed either from genomic DNA library (e.g. RFLPs or SSRs) or from random PCR am‐
plification of genomic DNA (e.g. RAPDs) or both (e.g. AFLPs) [123]. Availability of an array
of molecular marker techniques and their modifications led to comparative studies among
them in many crops including soybean, wheat and barley [124-126]. Among all these, SSR
markers have gained considerable importance in plant genetics and breeding owing to
many desirable attributes including hypervariability, multiallelic nature, codominant inheri‐
tance, reproducibility, relative abundance, extensive genome coverage (including organellar
genomes), chromosome specific location, amenability to automation and high throughput
genotyping [127]. In contrast, RAPD assays are not sufficiently reproducible whereas RFLPs
are not readily adaptable to high throughput sampling. AFLP is complicated as individual
bands are often composed of multiple fragments mainly in large genome templates [123].
The general features of DNA markers are presented in Table 3.

Molecular markers

EST–SSRs SSRs RFLPs RAPDs/AFLPs/ISSRs

Need for sequence data Essential Essential Not required Not required

Level of polymorphism Low High Low Low-moderate

Dominance Co-dominant Co-dominant Co-dominant Co-dominant

Interspecific transferability High Low-moderate Moderate-high Low-moderate

Utility in Marker assisted

selection

High High Moderate Low-moderate

Cost and labour involved

in generation

Low High High Low-moderate

Table 3. Important features of different types of molecular markers.

The genetic diversity of wild and cultivated soybeans has been studied by various techni‐
ques including isozymes [128], RFLP [87], SSR markers [124], and cytoplasmic DNA mark‐
ers [87, 128, 129]. Based on haplotype analysis of chloroplast DNA, cultivated soybean
appears to have multiple origins from different wild soybean populations [129, 130].

Using PCR-RFLP method soybean chloroplast DNAs were classified into three main haplo‐
type groups (I, II and III) [113, 130, 131]. Type I is mainly found in the species of cultivated
soybean (Glycine max), while types II and III are often found in both the cultivated and wild
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forms of soybean (Glycine soja). Type III is by far the most dominant in the wild soybean spe‐
cies [113]. In Glycine, these types are widely used in evaluating cpDNA variability and in
determining phylogenetic relationships between different types of cpDNA using different
marker systems. According to Chen and Hebert (1999) [133] analysis of cpDNA sequence is
not sufficient for when the analysis of population genetics, and so cpDNA polymorphism
assessment methods must be constantly complemented with methods such as single-strand
conformation polymorphism (SSCP) [134], or dideoxy fingerprinting (ddF) [135], and direct‐
ed termination and polymerase chain reaction (DT-PCR). However, some researchers point
out that there are many disadvantages of these methods, mainly because of their high cost
and large amount of work necessary for obtaining the results. In their view, a single change
in the regions of Glycine chloroplast DNA at the species and genus levels should be located
on a local-specific markers, for example, non-coding regions, using PCR and sequencing.

Analyses of non-coding regions of cpDNA have been employed to elucidate phylogenetic
relationship of different taxa [90]. Compared with coding regions, non-coding regions may
provide more informative characters in phylogenetic studies at the species level because of
their high variability due to the lack of functional constraints. Non-coding regions of
cpDNA have been assayed either by direct sequencing [136-141], or by restriction-site analy‐
sis of PCR products (PCR-RFLP) [142-146]. In Small's opinion (1998) non-coding regions,
which include introns and intergenic sequences, often show greater variability at nucleoti‐
des than at the encoding regions, which makes the non-coding regions good phylogenetic
markers [139]. Mutations in the form of insertions and deletions are accumulated in noncod‐
ing regions at the same rate as nucleotide substitutions, and such kinds of mutations signifi‐
cantly accelerate changes in these regions. In many cases, insertions or deletions are related
to short repeat sequences. Therefore, many researchers continually focus on the analysis of
non-coding regions. Using RFLP method, Close et al. (1989) found six cpDNA haplotypes
and described them in types, ranging from group I to VI, including cultivated and wild soy‐
beans [147]. In the course of their research they found that groups I and II diverge from
groups III to VI, thus dividing subgenus Soja into two main groups. They presented a hy‐
pothesis that group II can be distinguished form group III by two independent mutations.
Similar groups of haplotypes in legumes were also obtained by Shimamoto et al, (1992) [128]
and Kanazawa et al, (1998) [148], using a combination of EcoRI and ClaI RFLPs. In their clas‐
sification, Kazanawa et al. (1998) relied on sequential analysis and found that differences in
the three types described by Shimamoto et al. (1992) resulted from two single-base substitu‐
tions: one in the non-coding region, between the rps11 and rpl36, and the other in the 3' part
of the coding region of the rps3. Based on the existing reports, Xu et al. (2000) sequenced
nine non-coding regions of cpDNA for seven cultivars and 12 wild forms of soybean (Gly‐
cine max, Glycine soja, Glycine tabacina, Glycine tomentella, Glycine microphylla, Glycine clandesti‐
na) in order to verify earlier classification of Glycine [113]. In the course of their studies, they
located eleven single-base changes (substitutions and deletions) in the collected 3849 data‐
base. They located five mutations in the distinguished haplotypes I and II, and seven muta‐
tions in type III. In addition, haplotypes I and II were identical and clearly different from the
taxons in type III. This research has not yielded significant results, because different types of
cpDNA could not originate monophyletically, but it contributed to finding a common ances‐
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tor in the course of evolution of Glycine. A neighbor joining tree resulting from the sequence
data revealed that the subgenus Soja connected with Glycine microphylla, which formed a dis‐
tinct clad from Clycine clandestine and the tetraploid cytotypes of Glycine tabacina and Glycine
tomentella. Several informative length mutations of 54 to 202 bases, due to insertions or dele‐
tions, were also detected among the species of the genus Glycine.

3.5. Non-coding regions of the chloroplast genome as site-specific markers in Glycine

In the chloroplast genomes of legumes, including soybean, there are many non-coding re‐
gions, which are characterized by a faster rate of evolution when compared to the coding re‐
gions. As mentioned earlier some of the chloroplast genes have introns, yet their structure
differs from those occuring in the nuclear genes, since in the case of cpDNA introns have a ten‐
dency to adopt secondary structure, which affects the model in which cpDNA introns evolve
and it is enforeced by the secondary structure. This restriction in changes caused by mutations
affects the functional requirements related to the formation of introns [98, 108]. As there are no
adequate studies on the evolution of introns, it can be assumed that their evolution is similar to
that of the protein-encoding genes. The loss of introns in the course of the evolution of chloro‐
plast DNA is an interesting process. It has been discovered that O. sativa has 3 introns less in
cpDNA than M. polymorpha and N. tabacum. The loss of an intron in the rpl2 gene was re‐
searched in 340 species representing 109 families of angiosperms including Glycine  [149].
When trying to determine the taxonomic position, the absence of this intron in a given gene
shows that it was lost at least six times in the evolution of angiosperms. In Glycine 23 introns
have been identified while in Arabidopsis thaliana there are 26 introns, mostly located in the
same genes and in the same locations within those genes [98, 102].

Non-coding regions in chloroplast DNA have become a major source for phylogenetic stud‐
ies within the species Glycine and in many other seed plants. Earlier, the most popular phy‐
logeny sequences included encoding regions, such as the rbcL gene sequences that were
designed to determine the phylogenetic relationships between species in major taxonomic
groups [113, 136-141]. According to Taberlet et al. (1991) [119] the potential ability of non-
coding regions of cpDNA was reserved for species located in the lower taxonomic levels
while the non-coding regions, which include introns and intergenic sequences, often show
greater variability at nucleotides than is evident in the coding regions, which predisposes
them to be used in population studies involving Glycine, and others [139,142].

As the result, many studies on phylogenetic utility of non-coding regions have been published
[110]. For example [150]: trnH-psbA, trnS-tang; [148]: rps11-rpl36, rpl16-rps3, [113]: trnT-trnL.

In cpDNA analysis of many plants, very conservative regions flanking areas with high vari‐
ability are used. The more conservative regions, the higher the chance for the primers de‐
signed in the PCR reaction, which will be able to join the broader taxonomic group [96, 113].
The region occurring between the trnT (UGU) and the trnF (GAA) genes is a large single
copy wich is suitable because of the conservativeness of the trn genes and several hundred
base pairs of noncoding regions. The intergenic space between the trnT (UGU) and the trnL
(UAA) 5' exon ranged from 298 bp to about 700 bp in the species studied by [119]. In the
plant genomes completely sequenced by Sugiute, the length of this region is different and
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amounts to 770 bp in rice and 710 bp in tobacco. In Marchantia polymorpha it is 188 bp [151].
This region is located between the tRNA genes, just as the non-coding sequence located be‐
tween the trnL (UAA) 3' exon and the trnF (GAA). Due to its catalytic properties and its sec‐
ondary structure, the trnL (UAA) intron, which belongs to type I introns, is less variable and
therefore of better utility for evolutionary studies at higher taxonomic levels [113]. More‐
over, depending on the species, they show high frequency of insertions or deletions, which
makes them potentially useful as genetic markers.

Region Primer sequence (5 - 3)* Annealing temperature Reference

trnH–psbA f:TGATCCACTTGGCTACATCCGCC

r: GCTAACCTTGGTATGGAAGT

60°C [99] (tobacco)

[150] (soybean)

trnS–trnG f: GATTAGCAATCCGCCGCTTT

r: TTACCACTAAACTATACCCGC

60°C [99] (tobacco)

[99] (tobacco)

trnT–trnL f: GGATTCGAACCGATGACCAT

r: TTAAGTCCGTAGCGTCTACC

60°C [113] (soybean)

[99] (tobacco)

trnL–trnF f: TCGTGAGGGTTCAAGTCC

r: AGATTTGAACTGGTGACACG

56°C [99] (tobacco)

[99] (tobacco)

atpB–rbcL f: GAAGTAGTAGGATTGATTCTC

r: CAACACTTGCTTTAGTCTCTG

58°C [99] (tobacco)

[99] (tobacco)

psbB–psbH f: AGATGTTTTTGCTGGTATTGA

r: TTCAACAGTTTGTGTAGCCA

56°C [99] (tobacco)

[99] (tobacco)

rps11–rpl36 f:GTATGGATATATCCATTTCGTG

r: TGAATAACTTACCCATGAATC

50°C [148] (soybean)

[148] (soybean)

rpl16–rps3 f: ACTGAACAGGCGGGTACA

r: ATCCGAAGCGATGCGTTG

50°C [148] (soybean)

[148] (soybean)

ndhD–ndhE f: GAAAATTAAGGAACCCGCAA

r: TCAACTCGTATCAACCAATC

56°C [99] (tobacco)

[99] (tobacco)

*f, forward primer; r, reverse primer

Table 4. Primers used for amplification of nine non-coding regions of soybean cpDNA.

In most studied species, the trnL (UAA) intron ranges in size from 254 - 767 bp. Its smaller
fragment – the P6 loop – reaches a length of 10 - 143 bp. It is commonly applied in DNA
barcoding. Its main limitation lies in its low homologousness with the species from the Gene
Bank, which amounts to 67.3%, while the homologousness of the P6 loop is 19.5%. However,
it also has some advantages: conservative primers projected form and trouble-free amplifi‐
cation process. Amplification of the P6 loop can be performed even in a very degraded
DNA. The intron is well known and its sequences are used to determine phylogenetic rela‐
tionships between closely related species or to identify a plant species [152]. The first univer‐
sal primers for this region were designed more than 20 years ago [119]. However, it does not
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belong to the most variable non-coding regions in chloroplast DNA [108]. The trnL (UAA)
intron is the only one belonging to group I introns in chloroplast DNA, which means that its
secondary structure is highly conservative, with a possibility of changes in its conservative
[113] and variability in regions [99, 153]. Consequently, comparing the diversity of the trnL
intron sequences allows to obtain new primers that contain conservative regions and ampli‐
fy short sections contained between them [152].

Thus, in angiosperms, using non-coding regions in research at lower levels of the genome
is a routine practice [108]. A large number of non-coding regions of cpDNA has been lo‐
cated in angiosperms, some of which are highly variable, whereas others show relatively
small variability [108].  In studying the chloroplast genome, many researchers looked for
universal primers that would allow amplification of many non-coding regions of cpDNA
(Table 4) [111, 113, 148, 150].

4. Conclusion

In phylogenetic and population studies of Glycine, genetic information contained not only in
cpDNA but also in mtDNA are often analysed. Organelle DNA can be used to find species-
specific molecular markers. Molecular markers are an important tool to systematize the spe‐
cies because their use allows for detecting the differences in the genes directly. The selection
of appropriate sequences, which depends on the taxonomic level at which reconstruction of
the origin is carried out is very important. The initial selection concerns non-conservative se‐
quences, which are subject to fast evolution, because the more related the specimen are, the
more changeable the region should be. The relatively slow rate of evolution of certain se‐
quences may exclude statistically significant analyses within families or species, while the
study of relationship between species, which phylogenetically are very distant, using more
slowly evolving sequences can be very useful. Non-coding sequences show a faster rate of
evolution than the coding sequences. These regions accumulate a greater number of inser‐
tion/deletion or substitution than the non-coding regions, and therefore may be more suita‐
ble for research at inter-or intra-genus levels.
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1. Introduction

There is no doubt that soybean [Glycine max (L.) Merrill] has a global importance with wide‐
spread applicability (food, biodiesel, secondary metabolites, among others) and economic
value of its products in the global market [1] (ca. US$ 38.9 billion is the estimated crop value
in 2010 [2]). In terms of crop production, USA and Brazil occupy the first and second posi‐
tion in the world, with ca. 83 and 70 million ton, respectively [3]. These facts may explain the
significant interest by biotechnological industries and research institutes in enhancing some
characteristics of this crop such as nutrient quality, resistance to pests, and other subjects.

One of the most effective processes for attaining this task is the genetic modification, and
clearly the one conferring resistance to glyphosate (the number one selling herbicide world‐
wide since the 80’s [4]) is considered the main soybean genetic modification. This process
involves the insertion of a gene (cp4 EPSPS: 5-enolpyruvylshikimate-3 phosphate synthase),
via biobalistic (acceleration of metallic particles recovered with genetic material), which is
responsible to the production of cp4-EPSPS enzyme from Agrobacterium sp. Such enzyme
confers tolerance to glyphosate (N-fosfometil glycine), once that this substance inhibits the
action of 5-enolpyruvylshiquimate synthase – EPSPS enzyme, which is involved in the bio‐

© 2013 Arruda et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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synthesis of aromatic amino acids. Its inhibition provokes delay in the development of
plants, amino acids unbalance, and death of plants [5]. As a consequence it is easy to ration‐
alize that plants genetically modified can normally develop in the presence of this herbicide,
being the excellent result obtained in terms of soybean crop production also attributed to the
transgenic cultures used. Exemplifying, ca. 49 million hectares (60% of the cultivated world
area) are occupied nowadays by transgenic soybean culture [6].

In this way, our hypothesis is that the genetic modification itself is contributing for changing
a variety of characteristics of this organism, producing alterations, in a cascade manner, to
the metabolism. As a result of these modifications, the genetically modified soybean is appa‐
rently searching a new equilibrium as a living organism in nature.

In order to evaluate this hypothesis, our research group has been, for the last eight years, carry‐
ing out some comparative studies taking into account alterations in proteins, metalloproteins,
metals and enzymes. Since the content of proteins in soybean seeds is high (ca. 40%) [7], hun‐
dreds of proteins are expected to be found after a separation process, making our proposal a hard
task. Then, the utilization of the most up-to-date analytical techniques presenting high resolu‐
tion in terms of enzymes, proteomics and metallomics approaches is almost imperative.

In this chapter, the concept of plant stress is mainly one related to oxidative stress, followed
by a variety of examples regarding soybean. Additionally, basic concepts of proteomics and
metallomics will be described, followed by a compilation of the results from all strategies
and techniques that we have been adopting along the period devoted to the study of trans‐
genic soybean, which were utilized for corroborating our previous hypothesis. Other exam‐
ples in the literature are also presented in order to support our data. Then, techniques based
on bidimensional chromatographic and non-chromatographic protein separations (i.e. 2D-
HPLC, 2D PAGE), image analysis for protein expression evaluations (i.e. 2D DIGE), inorgan‐
ic mass spectrometry for identification/quantification of metals (i.e. HR-SF-ICP-MS, ICP-MS,
LA-ICP-MS), organic mass spectrometry for characterization of proteins (i.e. MALDI-QTOF-
MS, ESI-LC-MS-MS), and hyphenated techniques for improving the quality on protein infor‐
mation (i.e. 2D-HPLC-ICP-MS) will be also emphasized. In the end of this chapter, a section
of future Trends is provided, putting in evidence, in our point of view, some other strategies
to be adopted for an in-depth investigation of this transgenic crop.

Finally, it is important to stress that the main goal of this chapter, and also of our studies, is
only to present those results found within a series of projects developed by our research
group concerning transgenic soybean. Despite the awareness of a public disagreement about
the cultivation and commercialization of transgenic soybean, this chapter does not have the
intention neither to defend genetic modification nor to make any criticisms to it.

2. Plant stress

In this section we have decided to focus our attention on the antioxidant responses trigged
by some key biotic and abiotic stresses that have more significant information available,
based on recent publications.
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When oxidative stress is taken into account, it is interesting to mention firstly, the role of
molecular oxygen (O2) in our environment. Due to the presence of oxygen and its reactions,
both positive and negative aspects inherent to the process can occur, which is called oxida‐
tive stress.

Among all planets in our solar system, Earth is the only one that contains O2, and the only
one able to support aerobic life as the way that we understand its meaning. According to [8],
the concentration of 21% (v/v) O2 on Earth’s atmosphere is derived from the photosynthetic
activities of cyanobacterias and plants. The reference [9] commented that by an estimate, the
total amount of O2 in the Earth is about 410 x 103 Erda moles and from this value, 38.4 x 103

Erda moles is in the water form. When the aerobic life is concerned, these authors comment‐
ed that this specific style of life is responsible for the major portion of O2 turnover: photo‐
synthesis is the main input of O2, and respiration the main output.

Oxygen is relatively non reactive, but in some situations (as normal metabolic activity or
when under environmental disturbance), it is able to switch to an excited state, producing
free radicals and similar forms [9-10]. Then, it is clear in this scenario that adaptation proc‐
esses to environmental changes are crucial for plant growth and survival. In view of its im‐
portance, it is interesting to remember the processes which lead to the reduction of
molecular O2. According to [11] such processes occur following four steps and generate sev‐
eral O2 species. The first one requires an extra energy but the subsequent steps are exother‐
mic, occurring spontaneously. The reaction products (H2O2; O2

•; HO2
 - ; OH-) can act in

different ways in the cellular environment.

Hydrogen peroxide is a relatively long-lived molecule and can diffuse from its site of pro‐
duction [12]. Beside this, its toxicity has long been known. The O2

• radical half-life is short
(2-4 µs), but it is highly reactive and can form hydroperoxides and can oxidize histidine, me‐
thionine and tryptophan. When this radical is in the cellular environment, it causes lipid
peroxidation as a consequence of oxidative deterioration of membrane polyunsaturated lip‐
ids. So, the hydrogen peroxide is not only toxic to cells, but in an extracellular medium it
may react with transition metals, such as iron and copper, generating hydroxyls, which can
cause cell damage. Beside this, when the levels of lipid peroxidation are higher (normally
lipid peroxidation values are estimated by the concentration of malondialdehyde in sam‐
ples) it suggests indirectly the establishment of a condition of oxidative stress. The hydroxyl
radical (OH-) has a very strong potential and half-life of less than 1µs, and as a consequence,
it has very high affinity for biological molecules [13]. What is particularly interesting about
these species is that all of them can be generated by molecular oxygen reduction and they
may play roles as toxic molecules or they can be excellent candidates for events/studies in‐
volving plant cell signaling [8, 13-16].

In these terms, the production of reactive oxygen species (ROS) is generally described as
harmful due to their potential to cause irreversible damage to photosynthetic components in
plants. However, despite this potential in causing harmful oxidation, modulation of ROS-
antioxidant interaction plays a role in many stresses, as well as other responses to the envi‐
ronment. Additionally, this system can be considered as a powerful signaling process to
molecules involved in the control of plant growth and development as well as priming accli‐
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matory responses to stress stimuli [17-18]. In these terms, oxidative stress can be described
as a central factor in abiotic and biotic stress that occurs due to imbalances in any cell com‐
partment between the production of ROS and antioxidant defense [16, 19].

As indicated in [18] it is possible to verify that the pathways of ROS signaling are made by
homeostatic regulation which can be achieved by the antioxidant redox buffering, making
possible the determination of lifetime and the specificity of the ROS signal. It is interesting
to emphasize that plants which demonstrate low activities for catalase (CAT) and cytosolic
ascorbate peroxidase (APX), two key enzymes involved in the breakdown of H2O2, show
less severe stress symptoms when compared to the ones where one of these enzymes is
missing [20].

Talking about antioxidant defense systems, it can be attested that, in plants, the first line of
defense against oxidative stress is the avoidance of ROS production [17] and once formed,
ROS must be detoxified in order to either avoid or minimize eventual damages. In this way,
the detoxification mechanisms can be considered as a second line of defense against the det‐
rimental effects of ROS [21]. Beside this, some antioxidant enzymes can be considered as a
second defense line against oxidative stress, since they act either as a catalyzer in ROS reac‐
tion or are involved in directing ROS processing [22]. The repair of oxidatively damaged
proteins can be considered as the third line of defense against ROS [23].

According to [24] ROS species are commonly generated under stress conditions and due to
its strong oxidative capacity, it acts on all types of biomolecules. In terms of the interactive
effects of these species, it is possible to say that it can react with each other and with other
molecules. For example, O2

•- may react with lipids peroxides or nitric oxide, leading to the
formation of peroxynitrite, which is less reactive than peroxides. In the same context, [13]
pointed out that plants may favor the formation of one or other reactive species by preferen‐
tially scavenging peroxide (H2O2) with antioxidants or, in contrast, accumulating peroxide
by the activation of superoxide dismutase (SOD).

The oxidative response in plants can be exacerbated by stressful conditions [16]. At the mo‐
lecular level, the extent and nature of this response can differ among species and even
among those closely related varieties of the same species. For example, 24 differentially ex‐
pressed genes in soybean leaves were observed after glyphosate treatment when comparing
tolerant and non tolerant soybean lines [25]. Therefore, oxidative responses are not only
linked to the genetic expression. The reference [26] shows that some biochemical parameters
(such as total soluble amino acid content and CAT activity in soybean roots) were also al‐
tered as a response to differential glyphosate application. The increase in the enzyme activi‐
ties indicates ROS generation and a subsequent antioxidant response. Alterations in the
antioxidative system of suspension-cultured soybean cells were observed [27], which were
induced by oxidative stress using a peroxidizing herbicide (oxyfluorfen). Ascorbate and glu‐
tathione (non-enzymatic cellular antioxidants) showed different responses and the activities
of some enzymes involved in cellular defense were also altered. For instance, peroxidase
and catalase increased by 40 – 70% while glutathione S-transferase (GST) exhibited a 6-fold
increase under oxyfluorfen stress.
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Stress-induced ROS accumulation is counteracted either by enzymatic oxidant systems that
include a variety of scavengers, such as superoxide dismutase (SOD), ascorbate peroxidase
(APX), glutathione peroxidase (GPX), glutathione S-transferase (GST), and catalase (CAT),
or by non enzymatic low molecular weight metabolites, such as carotenoids and flavonoids
[16, 28-29]. As an example related to the influence of the enzymatic machinery under a stress
situation, the reference [30] pointed out that as a response to stress, plants may increase the
activities of some enzymes such as glutathione S-transferase (GST), involved in the detoxifi‐
cation of xenobiotics. These authors also investigated in detail the mechanisms of interaction
between the GST enzyme and its substrates, indicating that the information might help in
the engineering of new GSTs with improved detoxification efficiency [30].

In the context so far referred, and particularly with soybean, which is the main focus of this
chapter, molecular and biochemical studies have explored several aspects related to the ma‐
nipulation of metabolic pathways towards adaptation responses which can help to mitigate
oxidative stress.

If ROS scavenging pathways in plants are the main focus, the involvement of at least 3 cy‐
cles have to be considered: a) the water-water cycle in chloroplasts, including SOD; b) the
ascorbate-glutathione cycle in chloroplasts, cytosol, mitochondria, appoplast and peroxi‐
somes; and c) GPX and CAT in the peroxisomes [31]. The equilibrium between the produc‐
tion and the scavenging of ROS may be altered by biotic and abiotic stress factors such as
UV radiation, temperature, air pollution, pathogen attack, heavy metals, nutrient deficiency,
and herbicides, among others [32].

The clear understanding of the mechanisms by which some endogenous or exogenous
agents can lead to plant toxicity and how plants answer to this specific situation, is essential.
Besides this, understanding how toxicity occurs, what kind of alterations occur in plant
structure and metabolism among other situations are important steps for genetic breeding
programs, when searching for new varieties susceptible or tolerant to stress factors and even
for bioremediation/phytoremediation programs [32].

Although there has been a rapid progress in recent years in the field of plant stress studies,
there is a consensus among researches that there are still many uncertainties in understand‐
ing how effectively ROS affects the stress response of plants [32-33].

A short list of examples that will emphasize the detoxification mechanism involved in plant
stress defense and a diversity of enzymes that can be involved in the dismutation of ROS is
then presented. For example, soybean has been shown to be highly sensitive to ozone (O3)
and the oxidation of some proteins may cause alterations in the activities of enzymes across
nitrogen and sulfur nutrient assimilation pathways linked to stress responses [34]. The
chronic exposure to high O3 may lead to increased expression or oxidation of proteins, in‐
cluding APX, GSTs [34] and decrease the activities of monodehydroascorbate reductase
(MDHAR) and glutathione reductase (GR) [35], indicating a fundamental role of these en‐
zymes in stress response when soybean is subjected to O3. Furthermore, soybean submitted
to chronic high O3 concentration and then exposed to an acute O3 stress provided evidence
that there was an immediate transcriptional reprogramming that allowed for maintained or
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increased ascorbate (AA) content in plants grown at high O3 [36]. In another study using
two tropical soybean varieties (PK 472 and Bragg) exhibiting differential sensitivity to O3,
reference [37] showed that the CAT activity decreased whereas peroxidase increased in both
varieties upon exposure to O3, but reflecting the greatest sensitivity of PK 472 in relation to
the high magnitude of the reductions in the levels of antioxidants, metabolites and nutrients.
Besides this, the damage O3 effects produced were found to be more prominent during the
reproductive than the vegetative growth stage.

Although soybean plants have shown a positive and significant correlation between activity
of antioxidant enzymes and the osmolyte proline (Pro) content to water deficit stress [38],
the metabolic reasons associated with the differential sensitivity of soybean cultivars to wa‐
ter deficit stress are not well understood [39]. According to the authors, water deficit stress
increased antioxidant enzyme activities of SOD, CAT and GPX more at mild than at high
water deficit stress [39]. In addition, soybean plants have shown protective mechanisms as‐
sociated to proline concentration and GR, APX, and CAT activities under salt stress [40].

The increase in soybean productivity has been also accounted to the development and wide‐
spread use of improved cultivars with increased resistance to stressful conditions. A promis‐
ing technique for agricultural improvement in arid and semiarid areas is the use of a pre-
treatment of soybean dry seeds with a low dose of gamma rays (20 Gy) before planting,
enhancing drought tolerance and minimizing the yield losses caused by a water deficit con‐
dition [41].Overall, application of a low dose of gamma irradiation (20 Gy) increased the ac‐
tivities of phosphoenol pyruvate carboxylase and ribulose-1,5-bisphosphate carboxylase/
oxygenase (RUBISCO) under drought stress, avoiding the destructive effects of water defi‐
cits on chloroplasts [41]. Furthermore, the manipulation of Pro can affect the (h)GSH, amino
acids concentrations and APX activity, contributing to the detoxification of ROS in soybean
subjected to simultaneous drought and heat stresses [42].

The regulation of thiol metabolism has become important for optimizing crop yield and
quality of soybean [43]. The sulfur assimilatory pathway in soybean metabolism can be me‐
tabolized into molecules that protect plants against oxidative stress. The genetic manipula‐
tion of the cytosolic isoform of O-acetylserine sulfhydrylase (OASS), an enzyme involved in
the sulfur assimilatory pathway, resulted in high levels of thiols and increased tolerance of
plants to metal toxicity [44].

It is also important that information concerning changes in antioxidant capacity in immature
seeds harvested at different reproductive stages [45], exhibited decreases in free radical
scavenging activity and total antioxidant capacity with the advancement of maturity. This
occurred concomitant with increased concentration of tocopherol and isoflavone isomers.
Therefore, it is important to take into consideration that not only organs or tissues may
present distinct responses to stress, but the plant stage of development is also important.

Reference [46] reported that different metals may act and induce different levels of copper-
zinc superoxide dismutase (Cu-Zn/SOD) expression in soybean plants exposed to Cd and
Pb. Also, Cd caused the induction of Cu-Zn/SOD mRNA accumulation for all Cd concentra‐
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tions and Pb-treated roots showed induction of these isoenzymes only at medium metal
concentrations.

It is also important to bring into the scene of stressful condition for plants, the soil type used.
In a recent work soybean exposed to Cd and Ba [47] showed that the activity of antioxidant
enzymes can change depending on the soil type, time-length of exposure and metal concen‐
tration [47]. For instance, GR and SOD activities in the leaves of soybean plants grown in an
Oxisol soil contaminated with Cd decreased over time, whilst remaining high in an Entisol
soil. The changes of enzyme activities were mainly dependent on buffering capacity of the
soils with the Entisol exhibiting a lower capacity, with the plants suffering higher oxidative
stress than those plants grown in a clay soil such as presented by an Oxisol soil [47].

Moreover, it is also important to investigate the effect of stressful conditions in soybean pro‐
ductivity taking into consideration more than one environmental contaminant or stress fac‐
tor in the same agricultural region. In this context, the combination of Cd and acid rain
pollution damaged the cell membrane, decreased the activities of POX and CAT, showing a
higher potential threat to soybean seed germination than the single separate effect of each
contaminant [48]. In another study, a correlation between the rate of ROS generation and an‐
tioxidant enzyme activities was established under hypoxia and high CO2 concentration [49].
The CAT activity in soybean plants increased during the first hours of hypoxia whereas per‐
oxidase activity started to play a more key role in cell defense only after a longer exposure to
hypoxia. In this study, the processes of ROS accumulation and antioxidant enzymes were
induced by the higher CO2 content, indicating that CO2 can switch on plant adaptation to
hypoxic stress [49].

Another interesting study involving the combination of distinct stressor agents was carried
out by combining Al and Cd with both leading to synergistic effects on plant growth and
antioxidant responses in two soybean cultivars with different Al tolerance levels [50]. Ac‐
cording to the authors, the Al treatments and low pH value (4.0) caused reduction in chloro‐
phyll content and net photosynthetic rate, leading to growth reduction. The increased SOD
and peroxidase activities were detected in the plants submitted to both metals, especially in
the Al-sensitive cv. Zhechun 2, which also exhibited significantly higher Al and Cd contents
than the Al tolerant cv. Liao-1. Moreover, Cd supplementation increased Al content in the
plants exposed to Al+Cd stress [50]. Such an observation confirms another key aspect that
should receive attention which is how the elements of the soil interact and can define an up‐
take profile by the plant root system possibly resulting in an induction of stress condition.
Such studies are also of the upmost importance when considering the use of phytoremedia‐
tion as a technique to recover a contaminated soil.

Similarly, studies about the interactions between plant roots and beneficial metal-tolerant
microorganisms are gaining importance and may be an important approach to be consid‐
ered  in  studies  about  plant  adaptation  and  alleviation  to  a  variety  of  environmental
stresses  [51].  For  example,  soybean plants  inoculated with arbuscular  mycorrhizal  (AM)
fungi  showed reduced MDA content  and increased APX activity  to  the  oxidative  stress
generated  by  paraquat  (PQ)  [52].  In  another  study,  activities  of  SOD  and  peroxidase
were increased in the shoots of soybean plants with mycorrhizal (M) fungi grown under
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NaCl salinity [53]. Once again, a more integrated view is needed and deserves attention.
These two studies commented above indicate the importance of mycorrhizal fungi regu‐
lation  as  a  general  strategy  to  protect  plants  from  stress.  If  soil  type  is  added  to  this
equation,  a  much  more  complex  situation  is  created  and  such  an  integrated  study  re‐
flects the reality of many agronomic situations. This also raises the question over the use
of hydroponic systems to study oxidative stress in plants,  particularly when induced by
non-essential  elements,  since it  is  not necessarily the real field condition. Yet,  is  not our
intention to say that such studies under hydroponic conditions are not important. On the
contrary,  they  also  have  advantages.  However,  a  more  dynamic  or  integrated  type  of
study should be considered in our point of view.

Curiously, grafting, which is a well-known agronomic technique largely used in agriculture,
has not been used much in studies of stress in plants. The grafting technique has a tremen‐
dous potential to add further important understanding about stress signaling, assimilation,
transport and accumulation of metals, opening a new perspective to study these grafted
plants at the biochemical and molecular levels. Unfortunately, very few examples are availa‐
ble in the literature focusing on the investigation of plant stress responses. An example of
such a study is the one carried out by [54] who showed that Cd seed concentration can be
influenced by the difference in translocation of Cd from soil to the seed and in Cd accumula‐
tion capacity of roots among soybean cultivars by the use of grafting.

Nowadays, the development of plant manipulation techniques, for example the production
and use of transgenic plants, has contributed to studies involving plant antioxidant respons‐
es induced either by exogenous or endogenous factors (such as herbicide, metals, pollution).
Studies involving the mechanisms leading to stress-tolerant plants are important and need‐
ed, since they can aid understanding and create new possibilities for the use of these kinds
of plants. The knowledge provided by the “omics studies” such as proteomics, metabolo‐
mics, metallomics and genomics, added to enzymatic evaluation, can provide information
that can decisively help in answering many questions related to oxidative stress and ROS
control [32].

Taking into account the importance of “omics” platforms, as well as their use for corroborat‐
ing our initial hypothesis, the following sections will focus on these important strategies.
They will be divided into proteomics and metallomics, with brief descriptions of each one,
as well as some discussions and examples regarding transgenic cultures, but always concen‐
trating the focus on soybean.

3. Proteomics

Proteomics can be defined as the large-scale study of proteins, including not only their iden‐
tifications and quantifications, but also the determination of their localizations, modifica‐
tions, interactions, activities, and functions [55]. This information is extremely important to
evaluate interactions between different proteins, or between proteins and other molecules,
and may reveal the functional role of proteins [56]. In this sense, proteomics is an important
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of plants. The knowledge provided by the “omics studies” such as proteomics, metabolo‐
mics, metallomics and genomics, added to enzymatic evaluation, can provide information
that can decisively help in answering many questions related to oxidative stress and ROS
control [32].

Taking into account the importance of “omics” platforms, as well as their use for corroborat‐
ing our initial hypothesis, the following sections will focus on these important strategies.
They will be divided into proteomics and metallomics, with brief descriptions of each one,
as well as some discussions and examples regarding transgenic cultures, but always concen‐
trating the focus on soybean.

3. Proteomics

Proteomics can be defined as the large-scale study of proteins, including not only their iden‐
tifications and quantifications, but also the determination of their localizations, modifica‐
tions, interactions, activities, and functions [55]. This information is extremely important to
evaluate interactions between different proteins, or between proteins and other molecules,
and may reveal the functional role of proteins [56]. In this sense, proteomics is an important

A Comprehensive Survey of International Soybean Research - Genetics, Physiology, Agronomy and Nitrogen
Relationships

590

part of plant science, providing essential tools for understanding the functions of many
plant-specific biological processes at the molecular level [57]. Currently, plant proteomic
studies are focused on understanding the impact of different conditions of plant physiology
such as the characterization of plant defense under biotic and abiotic stress [58,59], the char‐
acterization of subcellular, cellular or plant organ proteomes [60-61], the characterization of
genetic modifications [62-63], as well as others.

The insertion of exogen DNA fragments into the DNA of the target organism, to confer
some enhanced characteristics to the latter, describes the process termed genetic modifica‐
tion [64]. Focusing on plants, improved productiveness, enhanced tolerance to herbicides,
synthesis of new substances and others can have consequences related to genetic modifica‐
tion [64]. The natural responses to this process are known to change the protein map of an
organism [65]. In this sense, comparative proteomics become the strategy of choice, being
useful for establishing qualitative and quantitative differences between genetically and non-
genetically modified organisms [66]. In this way, studies of protein changes are frequently
carried out through polyacrylamide gels by evaluation of their images, providing relevant
information for comparative proteomic studies [67,68] as well as using appropriate mass
spectrometric techniques for evaluating the identity of the studied proteins [69-70].

For proteomic studies, gel electrophoresis separations are the most used platform, due to
their high resolution, allowing either high efficiency protein separation or the identification
of potential protein spots with differences in concentration or expression in the gels evaluat‐
ed [67,68]. The gel electrophoresis technique can be applied in proteomic studies as follow:
(1) one-dimensional gel electrophoresis (SDS-PAGE) [71], (2) two-dimensional gel electro‐
phoresis (2-D PAGE) followed by manual image analysis [66] and (3) two-dimensional dif‐
ference gel electrophoresis (2-D DIGE) followed by automatic image analysis [72]. The
application of these techniques in comparative studies involving transgenic soybeans has
been little explored, where variation of different proteomic profiles in soybean genotypes
[73], abiotic environmental stress [74], osmotic stress [75] and improvement of protein quali‐
ty in transgenic soybean plants [76] are examples found. In this way, the use of these separa‐
tion techniques in combination with mass spectrometry were applied in our research group
to comparative proteomic studies in transgenic and non-transgenic soybean seeds, and it
will be discussed below.

4. One-dimensional gel electrophoresis (SDS-PAGE)

The separation of the proteins using SDS-PAGE technique is based on their molecular mass,
covering a broad separation range [67]. In our research group, this technique was used with
mass spectrometry (ESI-QTOF MS/MS) for the identification of the enzyme cp4 EPSPS, in or‐
der to prove that the soybean in question was genetically modified. For this task, the protein
band corresponding to a mass of 47 kDa was cut, the proteins reduced, alkylated, and sub‐
jected to two enzymatic digestion protocols: trypsin and chymotrypsin.
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As a result, the enzyme cp4 EPSPS was identified using the SDS-PAGE technique and using
either trypsin or chymotrypsin as a cleavage enzyme. However, trypsin showed the best re‐
sults in terms of score and coverage (as a percentage). Moreover, the enzyme was identified
in the database containing sequences from the soil bacterium Agrobacterium sp, the origin of
the gene used in genetic modification. This method proved to be simple and very efficient,
without needing sample prefractionation using chromatographic columns [77].

5. Two-dimensional gel electrophoresis: 2-D PAGE

In 2-D PAGE technique, the proteins are first separated on the basis of their net charges by
isoelectric focusing (IEF) and then separated on the basis of their molecular mass by polya‐
crylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS) [67].

The combination of 2-D PAGE and mass spectrometry is one excellent strategy to obtain
proteomic maps [78]. Furthermore, taking into account that we were finding some differen‐
tial proteins when investigating transgenic and non-transgenic soybean seeds, this techni‐
que showed itself to be excellent for this task. In this sense, our experience in terms of this
kind of study will be commented.

Reference [79] used the combination of 2-D PAGE and mass spectrometry for obtaining a
proteomic map for transgenic soybean seeds. The literature reports [12] that the number of
protein spots present in the linear pH range from 4 to 7 was higher than the number of spots
present in the linear range from 3 to 10 for transgenic soybean seeds. Therefore, for the
range from 4 to 7, a higher number of spots were selected when compared with the 3-10
range. As result, a total of 192 proteins from transgenic soybean seeds were identified, 179 of
them identified within the pH range from 4 to 7, and 13 of them identified within the 3-10
pH range. Regarding the pH range from 4 to 7, 49% of the spots present in the gel were
identified in the database showing good efficiency with a similar study involving soybean
published in the literature [80]. Regarding their biological functions, 50% were related to
storage function, 18% related in growth/cell division process, 9% involved in metabolic/
energy process, 6% related to protein transport, 4% corresponding to proteins involved in
the disease/defense category and 21% in the category of non-classified proteins.

The application of the 2-D PAGE technique in comparative proteomic studies can lead to
some problems due to the intrinsic characteristics of the electrophoretic systems such as
sample preparation strategies, the natural variations when considering biological systems,
gel-to-gel variance, labor intensiveness and possible identification of several proteins from
one spot [67,81]. In this sense, 2-DE technologies need to be evaluated critically.

In a pioneering work, reference [66] evaluates some parameters that influence the compari‐
sons of the protein map after different gel runs, establishing comparative image analysis af‐
ter 2-D PAGE of transgenic and non-transgenic soybean seeds for identifying possible
differences in protein expression. In that work, two pH ranges were used: 3-10 and 4-7. For
improving accuracy, image treatments were made by the same analyst and concomitantly
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carried out for each pair of gels in the same electrophoretic run (4 pairs of gels with the opti‐
mized loaded mass) for avoiding possible variations between evaluations of the gel images.

In relation to detection and selection of the protein spots, the choice of the parameters of im‐
age analysis is extremely important. Differences between manual and automatic detection of
the spots were obtained, showing the importance in editing the images to avoid erroneous
interpretations not only in terms of the quantities of the detected spots, but also in terms of
the intensities and/or volume of each protein detected.

The matching study is of utmost importance for those ones where the target is to find possi‐
ble changes in protein expression as well as to establish the similarities in protein distribu‐
tion in sets of gels. For gels obtained in the same run and within 3 to 10 and 4 to 7 pH
ranges, 163±37 (79±4% match) and 287±28 spots (77±2% match) were respectively obtained
from 4 pairs of gels (transgenic x non-transgenic). However, when gels were obtained from
different runs, even considering the same sample (transgenic seeds), high variation was de‐
tected in terms of matches (39±6% and 58±13% for 3–10 and 4–7 pH ranges gels, respective‐
ly). Similar results for non-transgenic seeds were obtained (40±10% and 62±18% for 3–10 and
4–7 pH gel ranges, respectively). In this way, it is preferable to acquire the gels in the same
run in order to produce high matches. The use of these procedures points out that elimina‐
tion of gel-to-gel variation is mandatory in image analysis.

Proteins were considered as up or down regulated when the ratio between spot volume
and/or intensity for non-transgenic and transgenic soybean seeds changed from < 0.55 to
>1.8 (ca. 90% variation). Thus, 3 and 7 spots from 3 to 10 and 4 to 7 pH ranges were respec‐
tively highlighted and characterized by MALDI-QTOF MS. From this total, 8 proteins were
identified as: glycinin G2/A2B1 precursor, glycinin G1 precursor, α-subunit of β-conglycinin
(03 spots), allergen Gly mBd 28 K (fragment), actin (fragment) and sucrose binding protein.

Then, it  is easy to observe that well optimized conditions for acquiring images from 2D
gels  are  an  important  tool  in  the  identification  of  possible  biomarkers  for  genetically
modified organisms.

6. Two-dimensional difference gel electrophoresis: 2-D DIGE

A promising alternative for circumventing possible variations in the technique already de‐
scribed (2-D PAGE) is the two-dimensional difference gel electrophoresis (2-D DIGE). This
technique, which is based on fluorescent cyanine dyes, allows comparisons between two ex‐
act quantitative proteomic samples, which are resolved on the same gel, minimizing the
problems previously mentioned [82]. Moreover, there is the advantage of the high sensitivi‐
ty of these dyes (ca. 1 fmol of protein), which enables the detection of low abundance pro‐
teins when compared to other dyes used in the detection of protein spots, such as
Coomassie Brilliant Blue (CBB) and silver staining [82]. Frequently, three samples are la‐
beled in 2-D DIGE: two of them are experimental samples whereas the third one is com‐
posed of a mixture of equal amounts of all experimental samples (i.e., a pooled internal
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standard). This creates a standard for each protein during analysis. After 2D separation, dif‐
ferent protein samples labeled can be visualized separately by exciting the different dyes at
their specific excitation wavelengths. Therefore, from the images generated for each dye, the
signals from labeled protein spots are determined and the normalized intensities or spot
volumes for each spot from different dyes (Cy2, Cy3, Cy5) are compared in order to identify
differentially expressed proteins between the samples [82-83].

Once  this  technique  is  finely  developed  for  finding  possible  biomarkers,  reference  [79]
applied  the  2-D  DIGE  technique  and  mass  spectrometry  (ESI-QTOF  MS/MS)  to  assess
differences  in  proteomic  profiles  of  transgenic  and non-transgenic  soybean seeds.  Three
biological replicates were analyzed. A regulation factor of 1.5 (50% variation) was chosen
as  determined by the  image analysis  program and statistically  significant  differences  in
expression were determined (p≤0.05, according to the Student t test). The program of im‐
age analysis uses the automatic detection of the spots, and does not require any manual
editing,  either  in  adding or  in  altering  the  area  defining the  spots,  in  contrast  to  other
programs for 2-D PAGE image.

As a result, a total of four proteins were differentially expressed between transgenic and
non-transgenic  soybean  seeds,  where  two  were  overexpressed,  being  more  highly  ex‐
pressed  in  transgenic  soybean,  and  two  were  underexpressed,  being  less  expressed  in
transgenic soybean. Thus, these four spots were selected for identification by mass spec‐
trometry.  As  results,  the  spots  were  identified  as:  Actin  (fragment)  (Glycine  max),  in‐
volved  in  various  types  of  cell  motility,  widely  expressed  in  all  eukaryotic  cells  and
binds to ATP and other proteins [84]; cytosolic glutamine synthetase (Cucumis melo) (Fig‐
ure 1a),  considered as a ligand enzyme, being highly expressed in many types of roots,
binds ATP molecules and is  responsible  for  the primary assimilation of  ammonia in all
living organisms, participates in nitrogen fixation [84]; Glycinin subunit G1 (Glycine max),
responsible for the nutritional,  physicochemical,  and physiological  characteristics of  soy‐
bean  seeds  [85]  and  Glycine-rich  RNA-binding  protein  (Glycine  max)  (Figure  1b),  in‐
volved  in  cellular  response  to  environmental  and  developmental  conditions  [84].  It  is
noteworthy that the actin protein was also detected by Brandão et al.  [66] working with
2-D PAGE and image analysis, and with the same sample.

The results obtained in reference [79], comments about some differential proteins found, es‐
tablishing a relationship between oxidative stress (ROS production) and genetic modifica‐
tion. In this way, spectrophotometric enzymatic assays demonstrate that soybean transgenic
seeds (for glyphosate resistance) exhibited higher activities for APX, CAT and GR enzymes
compared to non-transgenic. Considering these results, the authors concluded that the oxi‐
dative stressful condition in transgenic seeds resulted in an increase of H2O2, which is proba‐
bly controlled by the action of APX and CAT and even GR. Related to SOD, reference [79]
showed the results for SOD activity in nondenaturing polyacrylamide gel electrophoresis,
and it was possible to observe eight SOD isoenzymes detected in both transgenic and non-
transgenic soybean seeds, one as Mn-SOD, two as Fe-SOD and five as Cu/Zn-SOD. The au‐
thors commented that the reduction in SOD activity in transgenic seeds was much more a
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result of a reduction in the Fe-SOD isoenzymes activities. Finally, and as a conclusion, the
genetic modification itself might have induced extra ROS generation.

Proteins involved in the RNA processing and alternative splicing, RNA transport, messen‐
ger RNA (mRNA) translation, mRNA stability, and mRNA silencing mechanisms have been
shown to be required for normal plant development and the responses of plants to altered
environments [86-87]. In our case, just the glycine-rich RNA-binding protein was differen‐
tially found after DIGE analysis, and this protein correlated to ROS production according to
different articles [88, 89]. As already mentioned, the cytosolic glutamine synthetase is in‐
volved in nitrogen fixation. Oxidative stress can also control the expression of nitrogen-me‐
tabolism genes as recently demonstrated [90], demonstrating that cytosolic glutamine
synthetase can be altered because of the oxidative stress observed in the transgenic soybean
line [90].

(a) (b) 

Figure 1. Examples of spots with expression variation among samples of transgenic (T) and non-transgenic (NT) soy‐
bean seeds: a - cytosolic glutamine synthetase (Cucumis melo) and b - Glycine-rich RNA-binding protein (Glycine max)
[modified from reference 79].

7. Metallomics studies involving HPLC coupled to ICP-MS

In the last years, many soybean varieties have been genetically modified for adaptation to
different geographical regions, to increase quality and productivity. Due to these genetic
modifications, the proteins composition and profile can be affected, causing changes in the
species proteome [91-92]. As previously described, the knowledge of the soybean genotype
alone does not show enough information about the protein modifications due to environ‐
mental interactions. For better understanding of the consequences of a genetic manipulation,
the elucidation of the protein map composition is necessary because it is directly related to
the phenotype [93]. Since the proteome can be affected, it is assumed that the metallome can
also be affected somehow by the genetic modification [94].

The metallome is defined as the entirety of metals and metalloid species, present in a cell or
tissue type [95]. Deciphering the metallome provides information such as: (i) how an ele‐
ment is distributed among the cellular compartments; (ii) its coordination environment, in
which the biomolecule is incorporated or by which bioligand it is complexed, and (iii) the
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concentration of the individual metal species present [96]. The majority of metals present in
biological fluids and organs are linked to proteins, called metalloproteins. It is believed that
every third protein require a metal cofactor, such as Cu, Fe and Zn, to develop their func‐
tions correctly [97]. The determination of an organism metallome involves separation techni‐
ques associated to microanalytic processes, such as mass spectrometry. These are the two
key steps for general proteomics: separation and posterior identification of the proteins [80].

Metallomics studies were already performed in our group, being that one involving compa‐
rative metallomics of transgenic and non-transgenic soybean seeds [94], the first published
in the literature. Soybean proteins were separated using two-dimensional polyacrylamide
gel electrophoresis (2-D PAGE), tryptically digested, characterized using matrix assisted la‐
ser desorption ionization - quadrupole time of flight – mass spectrometry (MALDI-Q-TOF-
MS) and mapped using synchrotron X-ray fluorescence radiation (SR-XRF). The following
metallic ions were found: Ca(II), Cu(II), Fe(II), Mn(II), Ni(II) and Zn(II), and the quantitative
profile was acquired using atomic absorption spectrometry, showing changes in metal con‐
tents of transgenic and non-transgenic soybean seeds. Although promising results could be
found in this study, the canonical analytical approaches for proteomics (such as 2-D PAGE)
and metabolomics studies usually do not consider the existence of metal complexes with
proteins and metabolites.

In  this  way,  the  use  of  high performance  liquid  chromatography (HPLC),  an  analytical
technique used to separate a mixture in solution in its individual components, should be
considered.  Distinctly  compared  from  2-D  PAGE,  HPLC  is  based  on  different  protein-
surface  interactions  [98].  The  principal  HPLC  separation  mechanisms  used  for  bioinor‐
ganic studies include size exclusion chromatography (SEC), reversed-phase (RP) and ion-
exchange  (IEX)  chromatography,  and  because  of  the  complex  nature  of  the  metal-
molecule  interaction,  a  combination  of  these  mechanisms  is  often  necessary  to  identify
the elemental species correctly.

Together with HPLC, an element-specific detector must be used, and since the 80’s, induc‐
tively coupled plasma mass spectrometry (ICP-MS) is being widely applied for studying ele‐
ments at low concentrations. It is robust for multielementar determinations, allowing to
reach extremely low detection limits and giving isotopic information for identification and
quantification of the species, besides being easily coupled to classic separation techniques,
such as HPLC, readily realized since the chromatographic flow (0.5-1.0 mL min-1) is compat‐
ible to common ICP-MS nebulizers [97,99].

The excitation source of this technique is argon inductively coupled plasma, which is used
to form ions which are transferred to a high vacuum region through an interface containing
small orifices. Ions are focalized using ionic lenses and directed to the mass spectrometer in
order to be separated by m/z ratio. The m/z ratio analyzer generally used in ICP-MS is a
quadrupole, ideal for quantitative analysis [100].

The elements detected using ICP-MS include metal coordination complexes with larger pro‐
teins and metallothioneins, as well as selenoproteins and metal/semi-metals linked to carbo‐
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hydrates. A great amount of examples are found in the literature where ICP-MS is used to
detect and quantify metallic ions bounded to biomolecules.

The attempts to avoid metal-ligand denaturation make the SEC mechanism the most used
for metallomics studies [97]. It separates molecules according to their hydrodynamic vol‐
ume, determined by their Stokes ratio. It results in the partial exclusion of analytes that pass
through defined size pores due to their molecular sizes [101]. When the mobile phase passes
through the column, those particles with small hydrodynamic volumes are transported
through a larger path because they equilibrate in the pores more frequently than the ones
with higher hydrodynamic volumes, resulting in separation. Elution volume is determined
by the molecule size, directly related to their molecular weight, so this volume can be used
to determine the molecular weight of an unknown compound. For carrying out that task,
the relation between molecular weight and elution volume, obtained empirically by inject‐
ing standards with known molecular weight and measuring their elution volumes, must be
known [102-103].

SEC is especially suitable for separation of element species presenting limited stability fre‐
quently found in protein-rich matrices. The main advantages of SEC are simplicity of appli‐
cation, tolerance to biological matrices, compatibility of mobile phases with specific
demands of certain biological samples and the possibility of estimation of molecular weights
of the compounds. It is widely used for protein separation, including soybean proteins and,
although considered a low resolution method [104], it is often applied as the first separation
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tion step with element-specific detection or MS identification. Its uses alone is very helpful
to study the distribution of elements in different molecular weight fractions, and the cou‐
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Reference [107] used different parts of the soybean plants to analyze Se elution profile using
SEC-ICP-MS. The authors concluded that the bean had the most interesting profile, since it
absorbed most of the Se from the shoots and presented a very intense peak for this element
at higher molecular weight fraction. These data showed that the soybean plants convert se‐
lenite (used to enrich the plant) to high molecular weight species, which, according to the
authors, can add nutritional value to the plant. Another work from the same group [108]
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used reversed phase coupled to ICP-MS to study the Se-Hg antagonism, and they found that
in plants enriched with Hg, more Se was assimilated, indicating a possible protective re‐
sponse mechanism to the Hg.

As already commented, it is known that purity of peaks in SEC is poor, and even if a single
species of a given element is present, matrix components may co-elute. They are invisible to
the element specific detector, but if the goal is the identification of the organic specie linked
to the element, they will be detected by the organic MS instrument. Also, matching the elu‐
tion volume with a standard in this case is not definitive, due to the small number of theo‐
retical plates found in SEC. For these reasons, SEC is usually followed by a second
chromatographic separation (2nd dimension) using an orthogonal separation mechanism,
such as ion-exchange, reversed-phase or hydrophilic interaction chromatography, before the
identification of the components.

Multidimensional liquid chromatography is an efficient tool and an alternative procedure
for the classic methods based on unidimensional HPLC. The multidimensional chromatog‐
raphy can be carried out online or off-line. In the off-line mode, fractions eluted from the 1st

dimension are collected manually or using a fraction collector, and then are re-injected in
the second chromatographic column. Online techniques are automated using a selector
valve, which can enhance reliability and sample processing. The limitation here is that the
mobile phases used for both dimensions must be compatible [109].

The selectivity in a multidimensional system can be enhanced only if the chromatographic
dimensions are based in different separation mechanisms. The second dimension must not
decrease the resolution obtained using the previous one. For the separation mechanisms to
be different, the columns must have different stationary phases, allowing the less efficient
separation attained in the first dimension to be improved in the second [110].

In the case of multidimensional liquid chromatography [103,111] coupled to ICP-MS, frac‐
tions isolated mainly using SEC, can be fractionated again using an independent separation
mechanism to provide more detailed results, and also to attain metal species pure enough to
be characterized using molecular mass spectrometry.

Many stationary phases can be used for a second chromatographic dimension. Among then,
reversed phase (RP) [111], the most popular liquid chromatography separation mechanism,
should be highlighted. It has great efficiency and is able to separate a great range of com‐
pounds with different polarities. The separation is obtained through partition of the analyte
between a non-polar stationary phase and a polar mobile phase.

Ion exchange chromatography [112] (IEX) can also be used to separate biomolecules based
in charge differences. It can be considered a highly selective technique, able to separate, for
example, proteins differing in only one charged group. It is a widely used technique in bio‐
separations, since peptides, proteins, nucleic acids and related biopolymers have ionizable
chemical domains, making them susceptible to enhancement or diminishment of their
charges as a function of pH and ionic strength changes. It can be used to separate large bio‐
molecules, with more than 60 kDa.
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Finally, polar compounds can be efficiently separated using polar/hydrophilic stationary phases
using normal phase aqueous chromatography (aqNPC), also called hydrophilic interaction chro‐
matography (HILIC) [113]. Here, retention times tend to be longer as high as is the hydrophobicity
of the solutes, indicating potential for small metallic complexes separation.

Concerning multidimensional chromatographic separations and soybeans, a recent work
from reference [107] used IEX as second dimension for the separation of proteins from sele‐
nium-enriched soybean. Here, the target was only Se, and the 26 fractions collected from the
second dimension were pure enough to allow the identification of a considerable number of
proteins in the soybean databank.

In our group [114], IEX was also used as second dimension, generating a number of differ‐
ent fractions for both transgenic and non-transgenic soybean seeds used in that research.
Taking as an example cobalt, the SEC separation (Figure 2a) provided 3 peaks, divided into
F1, F2, and F3. When F3 is separated again using IEX (Figure 2b), the wide peak found using
SEC was separated into two narrow peaks, showing that the separation resolution in‐
creased.

Figure 2. Chromatograms for UV absorption at 280 nm (___) and Co signal in the ICP-MS (___) for (a) SEC, separated in
three fractions: F1, F2 and F3; and (b) IEX separation of F3 using transgenic soybean seeds [modified from supplemen‐
tary material of reference 114].

Nowadays, mass spectrometry associated to bioinformatics has become essential in studies
involving proteins, not only due to their sensitivity, but also to the total of information that
can be obtained [69]. Electrospray ionization (ESI) is the most used technique for protein
identification, allowing the formation of ions in the gas phase using a soft ionization proc‐
ess, making possible the analysis of non-volatile and thermolabile compounds [115]. As a
consequence, ESI facilitated the analysis of large biomolecules, as well as drugs and their
metabolites.

To improve metallomics information concerning transgenic and non-transgenic soybean seeds,
our group [114] used the multidimensional chromatography strategy, as pointed out previously in
this text. Total amounts of Fe and Cu were already found to be higher in transgenic soybeans, and in
an attempt to link these metals to proteins, an ESI-MS/MS analysis was carried out. As results, more
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than 20 proteins were identified, encompassing 4 different functional categories. Among them, β-
conglycinin, a protein previously associated to metals, was identified in three fractions, and one
metalloprotein that binds Fe, lypoxigenase 1, was found in a high molecular weight fraction, the on‐
ly fraction where an Fe peak was separated.

8. Future trends

Currently, the comparative studies concerning alterations in proteins, metalloproteins, met‐
als and enzymes have demonstrated significant differences among transgenic and non-
transgenic soybean. These differences have indicated that these genetic modifications
provide not only tolerance to herbicide but also cause many changes in the whole metabo‐
lism of the transgenic plants.

Carefully taking into account all the results presented, it is possible to raise the following
question: what are the future trends in comparative studies involving transgenic and non-
transgenic soybean? Since the whole metabolism of transgenic soybean plants seems to be
different to the non-transgenic one, this is a promising research area, and too much work is
still needed. Much more information is still ahead of us for a better comprehension of the
specific aspects of the transgenic soybean plant metabolism. In this way, investigations into
techniques and novel approaches, quantitative proteomics, imaging and mapping of ele‐
mental distribution, tracer experiments employing stable isotopes and also in natural varia‐
tion in the isotopic composition of the elements may possibly be the future trends in this
topic. This will contribute to elucidation and expansion of our knowledge about transgenic
soybean.

Since the proper functioning of life depends on the elements in a variety of processes, the
understanding of molecular mechanisms of the elements and information on its chemical
forms present in a living organism are very important. In this context, studies about identifi‐
cation and/or quantification of one or more chemical species of elements in transgenic and
non-transgenic soybean samples are able to generate valuable information about their me‐
tabolisms. Therefore, it would be useful if more efforts were devoted to this topic. A novel
technique that has an unexplored potential for speciation analysis is travelling wave ion mo‐
bility spectrometry coupled to mass spectrometry (TWIMS-MS) [116]. The use of this techni‐
que in speciation analysis of metals associated with biomolecules should increase due to its
capability of differentiation of ions by shape and size, besides mass and charge. Until now,
the studies employing ion mobility are concentrated in proof-of-the-concept using isolated
species commercially available and its application to complex matrices certainly will be a
big challenge, but very helpful to elucidate many questions.

The main objective of quantitative proteomics is to quantify protein expression alterations in
response to a variety of changes, and, nowadays, one of the most challenging and emerging
area of proteomics involves the developments of accurate quantitative methods for proteins.
The quantitative proteomics is divided in absolute and relative subjects. In the absolute
quantification, changes in protein expression are determined in exact amount or concentra‐
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tion of each protein present. The relative one determines the up- or down-regulation of a
protein relative to the control sample, and the results are presented as ‘fold’ increases or de‐
creases. The 2-D DIGE is an example of relative quantification technique that is applied to
intact proteins and the differential expression determination is based on fluorescence as
commented earlier in this chapter. Taking into account the soybean comparative studies the
application of quantitative proteomics by 2-D DIGE or by other technique could continue es‐
tablishing the differences in protein expressions accurately [117].

According to the results presented earlier, some elements are present at higher concentrations in
transgenic soybean seeds than in non-transgenic ones [66,94,105]. The transgenic seed seems to
have ability to take up higher amounts of some metals from the soil and this is a sign that the process‐
es involved in intake, transport and storage of essential and toxic metals and metalloids probably
are suffering changes due to genetic modification. Various new queries take place with this infor‐
mation, such as: The other transgenic plant parts (roots, stems and leaves), are also taking up, trans‐
porting and storing higher amounts of these metals? Other plant parts try to eliminate some excess
of these metals? Are these higher amounts really an excess for a transgenic plant or not? Are there
differences in the distributions of these metals among transgenic and non-transgenic soybean? A
potential tool for obtaining a better insight in these processes can be to use tracer experiments em‐
ploying stable isotopes. In the last few years the use of stable isotopes and their isotope ratio meas‐
urements have gained importance for tracer experiments in biological and medical research [118].
In these studies stable isotopic tracers with an isotopic composition sufficiently different from the
corresponding natural one is added to the studied system and changes in the selected isotope ratio
monitored. The absorption or bioavailability of an element can be determined with this approach
as well as information about element redistribution over various compartments of an organism
[118-119]. According to our knowledge, no tracer study for essential or toxic metals evaluating
transgenic and non-transgenic soybean is found in the literature and therefore there is a great
amount of work to perform in this challenging area.

LA-ICP-MS offers in situ analysis of solid samples with respect to metals and nonmetals at
trace concentration level mostly without sample preparation and without charging effects
during the measurements. This technique can also be applied to the imaging of soft tissues
such as plant leaves with relatively high spatial resolution and good sensitivity [120] and
therefore, some investigations involving metals distribution by LA-ICP-MS in transgenic
and non-transgenic soybean would also be a future trend.

Another challenging issue that can provide evidences supporting the hypothesis that genetic
modification is affecting the metabolism of soybean plants involves the investigation of nat‐
ural variation in the isotopic composition of the elements. Even though isotopic abundances
are assumed to be almost constant in nature, small isotopic or mass fractionation effects oc‐
cur in both natural and industrial processes [118]. Since the isotopes present the same num‐
ber of electrons, they show basically the same chemical behavior. However, there is a small
discrepancy in their physicochemical behavior due to the mass difference, which may leave
isotopes of the same element to take part with slightly different efficiencies in physical proc‐
esses or (bio)chemical reactions, and, consequently, to result in variations in the isotopic
composition [118-119]. These differences in efficiency are associated to a minor distinction in
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equilibrium for each different isotopic molecule - thermodynamic effect or in the rate with
which the isotopes participate in a process or reaction - kinetic effect. Lighter elements, such
as H, C, N, O and S suffer more pronounced isotopic variations because of the high relative
mass difference between their isotopes. Nevertheless, heavier elements are subject to isotope
fractionation, even though the change is minor [121].

As relative abundances cannot be measured directly, these studies are based on measuring
the isotope ratio of an element because it is experimental accessible. The isotope ratio meas‐
ured in a particular sample (Rx) is compared to the corresponding one in another sample,
frequently a reference sample (RRF) [118]. The differences found are frequently very small
and thus high reproducibility/repeatability is required. Thus, the ICP-MS technique is be‐
coming the more advantageous choice for most applications employing isotope ratios, main‐
ly considering the recent instrumental developments. As the elements are subject to isotope
fractionation in nature, the genetic modification could also provoke or intensify this effect.

In view of that comment here, it is easy to rationalize that many aspects can be explored
when focusing on studies related to transgenic soybean.

9. Conclusion

The initial hypothesis formulated that the genetic modification itself is stressing the soy‐
bean, is apparently right, once the plant is searching a new equilibrium as living organism.
The results presented in this chapter demonstrate that not only is the proteomic map
changed with some proteins increasing and others decreasing, but also chromatographic
separations are altered when transgenic and non-transgenic soybeans are compared. Exam‐
ples are activities of some enzymes (as CAT, SOD, GPx, among others) involved in neutrali‐
zation of ROS, as well as the possible capacity in taking metals from the soil (mainly for Fe
and Cu). Because of these modifications that occur when both transgenic and non-transgenic
organisms are compared, the theme of genetic modification could be even better explained
with some alternative strategies, such as quantitative proteomics, image analysis, tracer ex‐
periments with stable isotopes, and other possibilities.

Finally, in our point of view, one of the key points for the success of studies involving trans‐
genic organisms is not only to involve good technology, but also a transdisciplinary view,
involving different areas of expertise. With this strategy, it will be easier to understand this
area of investigation, making possible the demystification of the genetic modification that
have occurred, and allowing answers for some questions that still remain unknown.

10. Nomenclature and acronyms

2-D-HPLC Two-Dimensional High Performance Liquid Chromatography

2-D PAGE Two-Dimensional Gel Electrophoresis
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2-D DIGE Two-Dimensional Difference Gel Electrophoresis

ICP-MS Inductively Coupled Plasma Mass Spectrometry

HR-SF-ICP-MS High Resolution Sector Field Inductively Coupled Plasma Mass Spectrometry

LA-ICP-MS Laser Ablation Inductively Coupled Plasma Mass Spectrometry

MALDI-QTOF-MS Matrix-Assisted Laser Desorption Ionisation Quadrupole-Time-of-Flight
Mass Spectrometry

ESI-LC-MS-MS ElectroSpray Ionization Liquid Chromatography Mass Spectrometry-Mass
Spectrometry

2-D-HPLC-ICP-MS Two-Dimensional High Performance Liquid Chromatography Induc‐
tively Coupled Plasma Mass Spectrometry

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

ESI-QTOF MS-MS ElectroSpray Ionization-Time-of-Flight Mass Spectrometry-Mass Spectrome‐
try

SEC-ICP-MS Size Exclusion Chromatography-Inductively Coupled Plasma Mass Spectrometry
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