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Genetic Diversity and Allele Mining  
in Soybean Germplasm 

Reda Helmy Sammour 
Tanta University, Faculty of Science, Botany Department 

Egypt 

1. Introduction 

Soybean, Glycine max (L.) Merrill is recognized as the most important grain legume in the 
world in terms of total production and in ternational trade (Golbitz, 1995), being an 
important source of protein and oil. There ar e developing thousands of breeding lines and 
hundreds of elite cultivars yearly in the soyb ean hybridization programmes over the world. 
The developing of these breeding lines increased genetic uniformity in the frame of species. 
Therefore, the genetic basis of these released cultivars is rather narrow. Generations of new 
and improved cultivars can be enhanced by new sources of genetic variation; therefore 
criteria for parental stock selection need to be considered not only by agronomic value, but 
also from the point of view of their genetic dissimilarity. That is why the evaluation of 
genetic variation is a very important task not only for population genetics but also for plant 
breeders. The study of genetic variation has fallen within population genetics which has 
focused on analyzing, measuring and partitioning genetic. The genetic diversity can be 
analyzed by agronomic and biochemical traits, and molecular marker polymorphisms, 
Analysis of gene marker data enables estimation of the mating system and monitoring of 
genetic changes caused by factors affecting the reproductive biology of a species. A key 
factor driving utilization of exotic germplasm is potential benefit. Benefit can be quite 
apparent for characteristics such as disease resistance or agronomic traits, but vague for 
yield or abiotic stress resistance. 

2. Origin and diversification center of the soybean 

Scholars generally agree that cultivated soybean (Glycine max) has originated in the eastern 
half of North China in the eleventh century B.C. or perhaps a bit earlier (Fukuda, 1933 and 
Singh, 2010). It is believed on world wide scale that soybean has been domesticated from the 
annual wild soybean Glycine soja Sieb.et Zucc. Many studies based on old Chinese literature, 
the geographic distribution of the wild ancest ral species, the levels and types of genetic 
diversity of soybean varieties and the archeological evidence consistently indicated that 
China is the origin and diversification center of the cultivated soybean (Fukuda, 1933; 
Hymowitz, 1970; Zhuang, 1999). The evidences that China is the origin  and main center of 
diversity of soybean are (1) the distribution of G. soja in China is the most extensive in terms 
of the numbers and diversity of types; (2) Chin a has the earliest written records of soybean 
cultivation, about 4500 years ago; (3) soybean has been found in unearthed artifacts; (4) 
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soybeans cultivated in different countries in the world were introduced directly or indirectly 
from China; and (5) the pronunciation of the word of soybea n in many countries is about the 
same as the Chinese ‘Shu’; for instance, it is pronounced ‘soya’ in England, ‘soy’ in the USA, 
and in other languages.  
Although, the origin of soybean cultivatio n may be China, scholars have different 
viewpoints on the original areas of soybean domestication. One of these views is the theory 
that soybean originated from northeast Chin a (Fukuda, 1933). This theory based on the 
observations that semi-natural wild soybeans are extensively distribute d in northeast China, 
that is, there are large numbers of soybean varieties that possess ‘primitive’ characteristics, 
such as small black soybean germplasm that extensively distributed in the lower and middle 
reaches of the yellow river North provinces. The second theory is that soybean cultivation 
originated in South China.  In this theory, it has been though t that south China could be the 
origin of soybean (Wang, 1947). The evidences for that are the wide distribution of wild 
soybean in this area, extensive presences of primitive soybean varieties such as Nidou, 
Maliao Dou, Xiao Huangdou and others that have (1) the short-day character, which is 
considered to be the initial physiological stat e of soybean, and (2) the primitive agronomic 
characteristics related to yield and quality of soybean varieties. The other evidence 
supporting this theory is the close relatedness between cultivated soybeans in southern 
China, to wild soybeans in genetic terms based on isoenzymes, and RFLP (Restriction 
Fragment Length Polymorphism) markers of chloroplast and mitochondrial DNA, SSR data 
and botanical traits (Ding et al., 2008; Guo et al., 2010). In the third theory, it has been 
thought that the origin of soybean was the eastern part of northern China (i.e. the lower 
reaches the Yellow River) (Hymowitz, 1970). The evidences for his thought are the same 
blooming dates for both wild soybean and cultivated soybean at 35°N, confirming that 
cultivated soybean varieties may have been derived from local wild soybean at around 
35°N. In addition, the protein co ntent of cultivated soybean is close to that of wild soybean 
at 34–35°N. The fourth theory stated that the cultivated soybeans have multiple origins (Lü, 
1978). The evidences for that postulation are (1) both South and North China have regions 
with early developed cultures, that is: the anci ents in these regions used local wild soybean 
as food and did not domesticated wild soy-beans into cultivated ones; (2) the occurrence of 
wild soybean and cultivated soybean in the same regions and the similarities of both of 
them in morphological characters; (3) the successful cultivation of both wild and cultivated 
soybeans in different regions across China. In addition, the geographical distribution of the 
short-day character of wild soybean indicates the possibility of multiple origins of cultivated 
soybean. 

3. Genetic diversity of soybean germplasm based on morphological traits 

As we know, phenotypic traits are controlled  by genes and affected by environment, but 
large numbers of accessions can adapt to environments. The phenotypic data has more 
polymorphism in genetic diversity and reveal genetic variation indirectly. On the contrary, 
the molecular data reveal genetic variation directly, but fewer markers have less 
polymorphism. It is very difficult to obtain molecular data for a large number of accessions 
that has enough polymorphism to show the genetic diversity of germplasm. So, the 
morphological traits are the suitable and practi cal tools for studying the genetic diversity on 
large numbers of accessions.  
Variation in shape of plants has always been an important means of (1) distinguishing 
individuals; (2) controlling seed production; and (3) identifying the negative traits those 
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effects on yield, the genetic diversity centers of annual wild soybean and the soybean lines 
resistance to pod shatter, drought, pests or disease (Truong et al., 2005; Malik et al., 2006, 
2007; Ngon et a.,l 2006).  The studied soybean germplasm exhibited a wide range of 
phenotypic variation for pod number, seed numb er, and plant yield. It also showed that 
soybean developing stages had close association with agronomic traits as well as yield and 
yield components (Malik et al., 2006, 2007;  Ngon et al., 2006).   
Pod shape is one of the important descriptors for evaluating soybean genetic resources 
(IPGRI, 1998; USDA, 2001). Truong et al. (2005) tested the applicability of elliptic Fourier 
method for evaluating genetic diversity of pod shape in 20 soybean (Glycine max L. Merrill) 
genotypes. They concluded that principal component scores based on elliptic Fourier 
descriptors yield seemed to be useful in quantitative parameters not only for evaluating 
soybean pod shape in a soybean breeding program but also for describing pod shape for 
evaluating soybean germplasm. 
The genetic diversity was evaluated for genotypes of soybean based on the yield-related 
traits (Rajanna et al., 2000; Malik et al., 2006, 2007; Ngon et al., 2006). It has been reported that 
differences among genotypes for all the characters were highly significant and the grain 
yield was positively and significantly correla ted with number of pods per plant. The 
selection for the character had positive direct effect on yield. However, some traits had 
negative direct effects on yield, such as the leaf area, first pod height, days to 50% flowering, 
days to flowering completion, days to maturity, plant height, oil content and protein 
content.  
The study of the genetic diversity of wild soybean is invaluable for efficient utilization, 
conservation and management of germplasm collections. Dong et al. (2001) statistically 
analyzed the agronomic traits of the data base from the National Germplasm Evaluation 
Program of China to study the geographical dist ribution of accessions, genetic diversity of 
characters and genetic diversity centers of annual wild soybean. The results showed that 
most annual wild soybeans are distributed in northeast China, and the number of accessions 
decreases from the northeast to other directions in China. They proposed three genetic 
diversity centers for annual soybean grown in China, the northeast, the Yellow River Valley 
and the Southeast Coasts of China. Based on these results and Vavilov’s theory of crop 
origination, two opposing possible models for the formation of the three centers are 
proposed, either these centers are independent of each other and the annual wild soybeans 
in these centers originated separately, or the northeast center was the primary center for 
annual wild soybeans in China, while the Yellow River Valley center was derived from this 
primary center and served as the origin for the southeast Coast center. 
The genetic variability in 131 accessions of edamame soybeans (the Japanese name for a type 
of vegetable soybean eaten at the immature R6 stage) was analyzed using phenotypic traits 
e. g. maturity information, testa color, and 100-seed weight for breeding new edamame lines 
resistance to pod shatter (Mimura, 2001). The 131 accessions include 108 Japanese edamame, 
11 Chinese maodou, 8 WSU breeding lines, 2 US edamame and 2 US grain soybeans. The 
obtained results indicated that Edamame genetic diversity was generally clustered around 
maturity groups and testa color. It was also reported that the genetic diversity among the 
Japanese edamame cultivars was narrow, compared to Chinese maodou; Japanese edamame 
and Chinese maodou soybeans may have different genetic pools. 
Soybean genotypes, which exhibit genetic diversity  in root system developmental plasticity 
in response to water deficits in order to enable physiological and genetic analyses of the 
regulatory mechanisms involved, were id entified (Young, 2008). These genotypes can 
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tolerate drought stress which is the major factor that limiting soybean yield. The results 
showed substantial genetic diversity in the capacity for increased lateral root development 
(number and total length of roots produced) an d in the responses of overall root and shoot 
growth under water deficit conditions.  
The extent of between- and within-species differences in the resistance of the four 
commonest species of Glycine (G. canescens, G. clandestina , G. tabacina and G. tomentella) to 
leaf rust caused by Phakopsora pachyrhizi was investigated by Burdon & Marshall (1981). The 
results of their study showed qualitative and quantitative resistance to leaf rust, and 
considerable variation in a number of disease characteristics both between and within 
populations of each species.  

4. Genetic diversity in soybean germplasm based on karyological traits 

Genetic diversity based on genome size among and within plant species has been well 
documented in the literature (Rayburn , 1990; Bennett and Leitch, 1995; Rayburn et al., 1997). 
The variation was pronounced in Chinese germplasm collected from diverse geographic 
locations. It was attributed to the environmen tal factors (Knight and Ackerly, 2002), cell size, 
minimum generation time, cell division rate an d growth rate (Edwards and Endrizzi, 1975; 
Bennett et al., 1983) and polypoid species, in species with large seeds, and habits type 
(Bennett et al., 1998; Chung et al., 1998). 
Reports of genome size variation in soybean [Glycine max (L.)] have ranged from 40 to 0% 
(Rayburn et al., 2004). This wide range is highly reproducible and has resulted in doubts of 
the existence of intra-specific DNA variation in soybean. Rayburn et al. (2004) determined 
genome size of 18 soybean lines, selected on the basis of diversity of origin, by flow 
cytometry. They found that genome size vari ation between these lines was at approximately 
4%. This amount of DNA variation is lower than was originally reported (Doerschug et al., 
1978; Yamamota and Nagato, 1984; Hammatt et al., 1991; Graham et al., 1994). Doerschug et 
al. (1978) is the first to determine genome size of soybean, upon examining 11 soybean lines, 
reporting over a 40% variation in nuclear DNA content. Graham et al. (1994) observed a 15% 
variation among soybean cultivars while Rayburn et al. (1997) reported a 12% variation 
among 90 Chinese soybean introductions. Chung et al. (1998) observed among 12 soybean 
strains a 4.6% DNA content variation. Yamamota and Nagato (1984) stated about 60% 
variation, while Hammatt et al. (1991) reported that the variation of genome size in 14 
different Glycine species from different parts of the world was approximately 58%. These 
results indicated that the variability between DNA content was varied between the different 
scholars.  The wide variation in genome size between soybean germplasm makes these 
accessions good candidates for crop improvement. 

5. Evaluation of genetic diversity in soybean germplasm at the biochemical 
level 

The genetic markers have made possible a more accurate evaluation of the genetic and 
environmental components of variation. The biochemical markers are on es of the interesting 
measures of genetic diversity. They include protein techniques and isozymes. The protein 
techniques are practical and reliable methods for cultivars and species identification because 
seed storage proteins are largely independent of environmental fluctuation (Sammour, 1992, 
1999; Camps et al., 1994; Jha and Ohri, 1996). They are less expensive as compared to DNA 
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markers. SDS-PAGE is one of these techniques, widely used to describe seed protein 
diversity of crop germplasm (Sammour, 2007; Sammour et al., 2007). Genetic diversity and 
the pattern of variation in soybean germplas m have been evaluated with seed proteins 
(Hirata et al., 1999; Bushehri et al., 2000; Sihag et al., 2004; Malik et al., 2009). SDS-PAGE 
(Bushehri et al., 2000) and discontinuous polyacrylamide slab gel electrophoresis (Sharma 
and Maloo, 2009) were used very successfully in evaluating the genetic diversity and 
identifying soybean ( Glycine max) cultivars. Malik et al., (2009) evaluated the genetic 
variation in 92 accessions of soybean collected from five different geographical regions 
using the electrophoretic patterns of seed proteins. The accessions from various sources 
differed considerably, indicating that there is no definite relationship between genetic 
diversity and geographic diversity. Similar results were reported by (Ghafoor et al., 2003). 
Based on the results of Ghafoor et al., (2003) and Malik et al., (2009), SDS-PAGE cannot be 
used for identification of various genotypes of wild soybean at the intra-specific level, 
because some of the accessions that differed on the basis of characterization and evaluation 
exhibited similar banding pattern s. However, it might be used successfully to study inter 
rather than intra-specific variation (Sammour, 1989; Sammour et al., 1993; Karam et al., 1999; 
Ghafoor et al., 2002). 2-D electrophoresis can be used to characterize the genotypes exhibited 
similar banding patterns (Sammour, 1985).  
Allozyme markers have been used in soybean to evaluate genetic diversity in accessions 
from diverse geographic regions (Yeeh et al., 1996; Chung et al., 2006), wild soybean in 
natural populations from China, Japan and South Korea (Pei et al., 1996; Fujita et al., 1997), 
and Asian soybean populations (Hymowitz & Kaizuma, 1981; Hirata et al., 1999). From an 
analysis of the Kunitz trypsin inhibitor (Ti ) and beta-amylase isozyme (Sp1 = Amy3), 
Hymowitz & Kaizuma (1981) defined seven soyb ean germplasm pools in Asia: (1) northeast 
China and the USSR, (2) central and south China, (3) Korea, (4) Japan, (5) Taiwan and south 
Asia, (6) north India and Nepal and (7) central India. Hirata et al. (1999) compared the 
genetic variation at 16 isozyme of 781 Japanese accessions with the genetic variations of 158 
Korean and 94 Chinese accessions, detecting a number of region-specific alleles that 
discriminated Japanese from Chinese accessions. The presence of alleles specific to the 
Japanese population suggested that the present Japanese soybean population was not solely 
a subset of the Chinese population.  

6. Evaluation of genetic diversity in soybean germplasm using molecular 
markers 

6.1 Introduction 
The soybean genome is consisting of around 1115 Mbp, much smaller than the genomes of 
maize and barley, but larger than the genomes of rice and Arabidopsis (Arumuganathan & 
Earle, 1991). Soybean is a tetraploid plant, evolved from a diploid ancestor (n=11), went 
aneuploid loss (n=10), followed by polyploidi zation (n=20) and diploidization (chromosome 
pairing behavior) (Hymowitz, 2004). As a result of polyploidization soybean has a 
significant percentage of internal duplicated regions distributed among its chromosomes 
(Pagel et al., 2004). Sequence diversity in cultivated soybean is relatively low compared to 
other species leading to a major challenge in the improvement of this important crop. To 
efficiently broaden the genetic base of modern soybean cultivars, we have a detailed insight 
into genetic diversity of soybean germplasm.  Such insight could be achieved through 
molecular characterization using DNA markers, which are more informative, stable and 
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4%. This amount of DNA variation is lower than was originally reported (Doerschug et al., 
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variation among soybean cultivars while Rayburn et al. (1997) reported a 12% variation 
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variation, while Hammatt et al. (1991) reported that the variation of genome size in 14 
different Glycine species from different parts of the world was approximately 58%. These 
results indicated that the variability between DNA content was varied between the different 
scholars.  The wide variation in genome size between soybean germplasm makes these 
accessions good candidates for crop improvement. 

5. Evaluation of genetic diversity in soybean germplasm at the biochemical 
level 

The genetic markers have made possible a more accurate evaluation of the genetic and 
environmental components of variation. The biochemical markers are on es of the interesting 
measures of genetic diversity. They include protein techniques and isozymes. The protein 
techniques are practical and reliable methods for cultivars and species identification because 
seed storage proteins are largely independent of environmental fluctuation (Sammour, 1992, 
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reliable, compared to pedigree analysis and traditionally used morphological markers. The 
genetic markers include RFLP, RAPD, SSR and AFLP markers were used to probe the 
genetic differences between wild and cultivated soybeans or for the origin and 
dissemination of soybeans (Brown-Guedira et al., 2000; Tian et al., 2000; Li & Nelson, 2001; 
Xu & Zhao, 2002; Abe et al., 2003). These studies have revealed higher levels of genetic 
diversity in wild soybean.  

6.2 RFLP (Restriction Fragment Length Polymorphism) 
This analysis exploits variation in the occurrence of restriction sites in genomic sequences 
hybridizing to a cloned probe. Originally, RF LP analysis required Southern blotting and 
hybridization, making the method fairly slow and laborious. This technique is still used to 
generate ‘‘anchor’’ markers, used by many scholars to make consensus recombinational 
maps, though it is often implemented with the polymerase chain reaction (PCR) to generate 
the polymorphic fragments (Schulman, 2007). 
Chung et al. (2006) evaluated levels of genetic diversity in USDA soybean germplasm (107 
accessions), originated from six provinces in central China, using RFLP analysis. They 
detected significant genetic different iation among the six provinces (mean GST = 0.133). 
These results suggest that Chinese germplasm accessions from various regions or provinces 
in the USDA germplasm collection could be used to enhance the genetic diversity of US 
Cultivars.  

6.3 AFLP (Amplified Fragment Length Polymorphism) 
AFLP is an anonymous marker method, detects restriction sites by amplifying a subset of all 
the sites for a given enzyme pair in the genome by PCR between ligated adapters. To some 
extent, it like RFLP detects single nucleotide polymorphisms (SNPs) at restriction sites.   
Ude et al. (2003) analyzed the genetic diversity within and between Asian and North 
American soybean cultivars by AFLP. They foun d that the average genetic distance between 
the North American soybean cultivars and the Chinese cultivars was 8.5% and between the 
North American soybean cultivars and the Japanese cultivars was 8.9%, but the Chinese 
soybean was not completely separated from the Japanese soybean. They also revealed that 
Japanese cultivars may constitute a genetically distinct source of useful genes for yield 
improvement. 

6.4 RAPD (Random Amplified  Polymorphic DNA) 
RAPD analysis uses conserved or general primers that amplify from many anonymous sites 
throughout the genome. It is indeed rapid,  and need only short primers of random 
sequence, but suffers from low polymorphism information content (PIC), poor correlation 
with other marker data, and problems in  reproducibility due to the low annealing 
temperatures in the reactions.  
The genetic diversity in the wild soybean populations from the Far East region of Russia 
was analyzed using RAPD markers (Seitova et al., 2004). The results obtained suggest that 
(1) genetically different groups of wild soybean have active development, (2) level of 
polymorphism was significantly higher than in the cultivated soybean and (3) 
geographically isolated subpopulations showed maximum distance from the main 
population of wild soybean. The high le vel of polymorphism between the wild and 
cultivated soybean accessions was also reported by Kanazawa et al. (1998) in their study on 

 
Genetic Diversity and Allele Mining in Soybean Germplasm 

 

9 

soybean accessions from the Far East using RAPD profiles of mitochon drial and chloroplast 
DNA. Xu & Gai (2003), Pham Thi Be Tu  et al. (2003), An et al. (2009) confirmed the results of 
Kanazawa et al. (1998) and Seitova et al. (2004) in terms of the high genetic variation between 
the wild and cultivated soybean accessions. They also found that the diversity of G. soja was 
higher than that of G. max; and environmental factors may play important roles in soybean 
evolution. Furthermore, they revealed that accessions within each species tend to form sub-
clusters that are in agreement with their geographical origins, demonstrating that an 
extensive geographical genetic differentiation exists in both species. Consequently, it was 
indicated that geographical differentiation play s a key role in the genetic differentiation of 
both wild and cultivated soybeans. The relati onship between geographical differentiation 
and genetic diversity appeared in the work  of Chen & Nelson (2005) who identified 
significant genetic differences between soybean accessions collected from different 
provinces in China. Their data provided pron ounced evidence that primitive cultivars of 
China were generally genetically isolated in relatively small geographical areas. Similar 
results were obtained by Li & Nelson (2001, 2002) in their study on soybean accessions from 
8 provinces in China using a core set of RAPD primers with high polymorphism in soybean 
(Thompson et al., 1998). On the contrary, Brown-Guedira et al. (2000) did not find an 
association between origin and RAPD markers among soybean lines of more modern origin. 
It is likely that these genotypes have been dispersed by human interv ention from the areas 
of actual origin.  
The relationship between genetic differentiatio n and origin of 120 soybean accessions from 
Japan, South Korea and China was evaluated with RAPDs (Li & Nelson, 2001). They found 
that the Japanese and South Korean populations were more similar to each other, whereas 
both were genetically distinct from the Chinese population, suggesting that the S. Korean 
and Japanese gene pools might be probably derived from a relatively few introductions 
from China. Li et al. (2001) compared the genetic diversity of ancestral cultivars of the N. 
American (18) as well as the Chinese soybean germplasm pools (32) using RAPD markers, 
the N. American ancestors have a slightly lower level of genetic diversity. Cluster analyses 
generally separated the two gene pools. In particular, a great genetic variability was 
detected between the ancestors of northern U.S. and Canadian soybeans and the Chinese 
ancestors. 
Chowdhury et al. (2002) examined the level of genetic similarity among forty-eight soybean 
cultivars imported out of their country Thai land using DNA (RAPD) markers. They found 
high level of genetic similarities between these cultivars. Cluster analysis of the obtained 
data classified the 48 cultivars into four groups at 0.57 similarity scale, even though the 
cultivars are morphologically or geograph ically very close. Comparing agronomic 
performance and RAPD analysis via dendrogram , a total of 11 cultivars can be useful to 
soybean breeders in Thailand who want to utilize genetically diverse introductions in 
soybean improvement. Baránek et al. (2002) evaluated the genetic diversity within 19 
soybean genotypes included in the Czech National Collection of Soybean Genotypes by 
RAPD method. The polymorphism among th e studied genotypes was 46%. Presented 
results enable the selection of genetically distinct individuals. Such information may be 
useful to breeders willing to use genetically diverse introductions in soybean improvement 
process.  

6.5 SSRs (Simple sequence repeats) 
SSRs molecular markers have been widely applied in the genetic diversity studies of the 
soybean germplasm (Abe et al., 2003; Wang et al., 2006; Fu et al., 2007; Li et al., 2008; Wang & 
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reliable, compared to pedigree analysis and traditionally used morphological markers. The 
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Xu & Zhao, 2002; Abe et al., 2003). These studies have revealed higher levels of genetic 
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generate ‘‘anchor’’ markers, used by many scholars to make consensus recombinational 
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American soybean cultivars by AFLP. They foun d that the average genetic distance between 
the North American soybean cultivars and the Chinese cultivars was 8.5% and between the 
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soybean was not completely separated from the Japanese soybean. They also revealed that 
Japanese cultivars may constitute a genetically distinct source of useful genes for yield 
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throughout the genome. It is indeed rapid,  and need only short primers of random 
sequence, but suffers from low polymorphism information content (PIC), poor correlation 
with other marker data, and problems in  reproducibility due to the low annealing 
temperatures in the reactions.  
The genetic diversity in the wild soybean populations from the Far East region of Russia 
was analyzed using RAPD markers (Seitova et al., 2004). The results obtained suggest that 
(1) genetically different groups of wild soybean have active development, (2) level of 
polymorphism was significantly higher than in the cultivated soybean and (3) 
geographically isolated subpopulations showed maximum distance from the main 
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soybean accessions from the Far East using RAPD profiles of mitochon drial and chloroplast 
DNA. Xu & Gai (2003), Pham Thi Be Tu  et al. (2003), An et al. (2009) confirmed the results of 
Kanazawa et al. (1998) and Seitova et al. (2004) in terms of the high genetic variation between 
the wild and cultivated soybean accessions. They also found that the diversity of G. soja was 
higher than that of G. max; and environmental factors may play important roles in soybean 
evolution. Furthermore, they revealed that accessions within each species tend to form sub-
clusters that are in agreement with their geographical origins, demonstrating that an 
extensive geographical genetic differentiation exists in both species. Consequently, it was 
indicated that geographical differentiation play s a key role in the genetic differentiation of 
both wild and cultivated soybeans. The relati onship between geographical differentiation 
and genetic diversity appeared in the work  of Chen & Nelson (2005) who identified 
significant genetic differences between soybean accessions collected from different 
provinces in China. Their data provided pron ounced evidence that primitive cultivars of 
China were generally genetically isolated in relatively small geographical areas. Similar 
results were obtained by Li & Nelson (2001, 2002) in their study on soybean accessions from 
8 provinces in China using a core set of RAPD primers with high polymorphism in soybean 
(Thompson et al., 1998). On the contrary, Brown-Guedira et al. (2000) did not find an 
association between origin and RAPD markers among soybean lines of more modern origin. 
It is likely that these genotypes have been dispersed by human interv ention from the areas 
of actual origin.  
The relationship between genetic differentiatio n and origin of 120 soybean accessions from 
Japan, South Korea and China was evaluated with RAPDs (Li & Nelson, 2001). They found 
that the Japanese and South Korean populations were more similar to each other, whereas 
both were genetically distinct from the Chinese population, suggesting that the S. Korean 
and Japanese gene pools might be probably derived from a relatively few introductions 
from China. Li et al. (2001) compared the genetic diversity of ancestral cultivars of the N. 
American (18) as well as the Chinese soybean germplasm pools (32) using RAPD markers, 
the N. American ancestors have a slightly lower level of genetic diversity. Cluster analyses 
generally separated the two gene pools. In particular, a great genetic variability was 
detected between the ancestors of northern U.S. and Canadian soybeans and the Chinese 
ancestors. 
Chowdhury et al. (2002) examined the level of genetic similarity among forty-eight soybean 
cultivars imported out of their country Thai land using DNA (RAPD) markers. They found 
high level of genetic similarities between these cultivars. Cluster analysis of the obtained 
data classified the 48 cultivars into four groups at 0.57 similarity scale, even though the 
cultivars are morphologically or geograph ically very close. Comparing agronomic 
performance and RAPD analysis via dendrogram , a total of 11 cultivars can be useful to 
soybean breeders in Thailand who want to utilize genetically diverse introductions in 
soybean improvement. Baránek et al. (2002) evaluated the genetic diversity within 19 
soybean genotypes included in the Czech National Collection of Soybean Genotypes by 
RAPD method. The polymorphism among th e studied genotypes was 46%. Presented 
results enable the selection of genetically distinct individuals. Such information may be 
useful to breeders willing to use genetically diverse introductions in soybean improvement 
process.  

6.5 SSRs (Simple sequence repeats) 
SSRs molecular markers have been widely applied in the genetic diversity studies of the 
soybean germplasm (Abe et al., 2003; Wang et al., 2006; Fu et al., 2007; Li et al., 2008; Wang & 
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Takahata, 2007; Wang et al., 2008; Yoon et al., 2009). The advantages of SSR over other types 
of molecular markers are that they are abundant, have a high level of polymorphism, are 
codominant, can be easily detected with PCR and typically have a known position in the 
genome. High levels of polymorphism at SSR loci have been reported for both the number 
of alleles per locus and the gene diversity (Diwan & Cregan, 1997; Abe et al., 2003; Wang et 
al., 2006; Fu et al., 2007 ; Wang et al., 2010). 
Wang et al. (2010) used 40 SSR primer pairs to study genetic variability in 40 soybean 
accessions of cultivars, landraces and wild soybeans collected from China. These results 
indicated that wild soybeans and landraces possessed greater allelic diversity than cultivars 
and might contain alleles not present in th e cultivars which can strengthen further 
conservation and utilization. The UPGMA (Unweighted Pair Group Method with 
Arithmetic) results also exhibited that wild soybean was of more abundant genetic diversity 
than cultivars. 
A total of 2,758 accessions of Korean soybean landraces were profiled and evaluated for 
genetic structure using six SSR loci (Yoon et al., 2009). The accessions within collections were 
classified based on their traditional uses such as sauce soybean (SA), sprouted soybean (SP), 
soybean for cooking with rice (SCR), and others-three different Korean Glycine  max 
collections and for groups distinguished by their usage, such as SA, SP, and SCR. Nei’s 
average genetic diversity ranged from 0.68 to 0.70 across three collections, and 0.64 to 0.69 
across the usage groups. The average between-group differentiation (Gst) was 0.9 among 
collections, and 4.1 among the usage groups. The similar average diversity among three 
collections implies that the genetic background of the three collections was quite similar or 
that there were a large number of duplic ate accessions in three collections (Yoon et al., 2009). 
The selection from the four groups classified based upon usage may be a useful way to 
select accessions for developing a Korean soybean landrace core collection at the RDA gene 
bank. 
Hudcovicová et al. (2003) analyzed allelic profiles at 18 SSR loci of 67 soybean genotypes of 
various origins. Six only of SSR markers differentiated all 67 genotypes each from others 
successfully. Guan et al. (2010) investigated the genetic relationship between 205 Chinese 
soybean accessions that represent the seven different soybean ecotypes and 39 Japanese 
soybean accessions from various regions using 46 SSR loci.  Cluster analysis with UPGMA 
separated the Chinese accessions from Japanese accessions, suggesting that soybean in these 
two countries form different gene pools. It also showed that (1) accessions from China have 
more genetic diversity than those from Japan, (2) studied germplasm was divided into three 
distinct groups, “corresponding to Japanese soybean, Northern China soybean, Southern 
China soybean and a mixed group in which most accessions were from central China”, and 
(3) Japanese accessions had more close relationship with Chinese northeast spring and 
southern spring ecotypes. This study provides interesting insights into further utilization of 
Japanese soybean in Chinese soybean breeding. 
Abe et al. (2003) analyzed allelic profiles at 20 SSR loci of 131 accessions introduced from 14 
Asian countries. UPGMA-cluster analysis clearly separated the Japanese from the Chinese 
accessions, suggesting that the Japanese and Chinese populations formed different 
germplasm pools;  showed that Korean accessions were distributed in both germplasm 
pools, whereas most of the accessions from south/central and southeast Asia were derived 
from the Chinese pool; indicated that genetic diversity in the southeast and south/central 
Asian populations was relatively high; and exhibited the absence of region-specific clusters 
in the southeast and south/central Asian populations. The relatively high genetic diversity 
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and the absence of region-specific clusters in the southeast and south/central Asian 
populations suggested that soybean in these areas has been introduced repeatedly and 
independently from the diverse Chinese germplasm pool. Therefore the two germplasm 
pools can be used as exotic genetic resources to enlarge the genetic bases of the respective 
Asian soybean populations. 
Chotiyarnwong et al. (2007) evaluated the genetic diversity of 160 Thai indigenous and 
recommended soybean varieties by examining the length polymorphism of alleles found in 
18 SSR loci from different linkage groups. UPGMA-Cluster analysis and principal 
component analysis (PCA) separated Thai indigenous varieties from recommended soybean 
varieties. However, the genetic differentiation between the indigenous and recommended 
soybean varieties was small. 
Shi et al. (2010) performed genetic diversity and association analysis among 105 food-grade 
soybean genotypes using 65 simple sequence repeat (SSR) markers distributed on 20 
soybean chromosomes. Based on the SSR marker data, the 105 soybean genotypes were 
divided into four clusters with six sub-gr oups. Thirteen SSR markers distributed on 11 
chromosomes were identified to be significantly associated with oil content and 19 SSR 
markers distributed on 14 chromosomes with pr otein content. Twelve of the SSR markers 
were associated with both protein and oil QTL. A negative correlation was obtained 
between protein and oil content. 
Mimura et al. (2007) investigated SSR diversity in 130 vegetable soybean accessions 
including 107 from Japan, 10 from China and 12 from the United States. Eighteen of the 130 
accessions were outliers, and the rest of the accessions were grouped into nine clusters. The 
majority of food-grade soybean cultivars were  released from Japan and South Korea because 
of the market availability and demands. However, the genetic diversity of South Korea 
food-grade soybean remains unreported (Mimura et al., 2007). 
Nguyen et al. (2007) used 20 genomic SSR and 10 EST-SSR SSR to explore the genetic 
diversity in accessions of soybean from different regions of the world. The selection of the 
thirty SSR primer-pairs was based on their distribution on the 20 genetic linkage groups of 
soybean, on their trinucleotide repetition unit and on their polymorphism information 
content. All analyzed loci were polymorphic. A low correlation between SSR and EST-SSR 
data was observed, thus genomic SSR and EST-SSR markers are required for an appropriate 
analysis of genetic diversity in soybean. They observed high genetic diversity which 
allowed the formation of five groups and several subgroups. They also observed a moderate 
relationship between genetic divergence and geographic origin of accessions. 
Xie et al. (2005) analyzed genetic diversity of 158 Chinese summer soybean germplasm, from 
the primary core collection of G. max using 67 SSR loci. The Huanghuai and Southern 
summer germplasm were different in the specific alleles, allelic-frequencies and pairwise 
genetic similarities. UPGMA cluster analysis based on the similarity data clearly separated 
the Huanghuai from Southern summer soybean accessions, suggesting that they were 
different gene pools. The data indicated that Chinese Huanghuai and Southern summer 
soybean germplasm can be used to enlarge genetic basis for developing elite summer 
soybean cultivars by exchanging their germplasm. 
Most diversity studies on cultivated soybean published by now have focused on North 
American (Brown-Guedira et al., 2000; Narvel et al., 2000; Fu et al., 2007) Asian (Abe et al., 
2003; Xie et al., 2005; Wang et al., 2006; Li et al., 2008; Wang et al., 2008; Yoon et al., 2009) as 
well as South American (Bonato et al., 2006) soybean germplasm. In several studies only a 
few genotypes of European origin have been represented among germplasm studied 
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(Brown-Guedira et al., 2000; Narvel et al., 2000; Fu et al., 2007; Hwang et al., 2008). Baranek et 
al. (2002) evaluated genetic diversity of 19 Glycine max accessions from the Czech National 
Collection using RAPD markers. Recently, Tavaud-Pirra et al. (2009) evaluated SSR diversity 
of 350 cultivated soybean genotypes including 185 accessions from INRA soybean collection 
originating from various European countrie s and 32 cultivars and recent breeding lines 
representing the genetic improvement of soybean in Western Europe from 1950 to 2000. 
They found the genetic diversity of European a ccessions to be comparable with those of the 
Asian accessions from the INRA collection, whereas the genetic diversity observed in 
European breeding lines was significantly lower. Breeding material and registered soybean 
cultivars in southeast European countries are strongly linked to Western breeding 
programs, primarily in the USA and Canada. There is little reliable information regarding 
the source of germplasm introduction, it s pedigree and breeding schemes applied. 
Consequently, use of these genotypes in making crosses to develop further breeding cycles 
can result in an insufficient level of genetic variability. Assessing the genetic diversity of this 
germplasm at genomic DNA level would complement the knowledge on the European 
soybean gene pool (germplasm) and facilitate the utilization of the resources from 
southeastern Europe by soybean breeders. Ristova et al. (2010) therefore assess genetic 
diversity and relationships of 23 soybean genotypes representing several independent 
breeding sources from southeastern Europe and five plant introductions from Western 
Europe and Canada using 20 SSR markers. Cluster analysis clearly separated all genotypes 
from each other assigning them into three major clusters, which largely corresponded to 
their origin. Results of clustering were main ly in accordance with the known pedigrees.  

6.6 EST (Expressed Sequence Tags ) 
The use of functional molecular markers, such as those developed from EST allows direct 
access to the population diversity in genes of agronomic interest that they represent coding 
sequences, facilitating the association between genotype and phenotype. Nelson and 
Shoemaker (2006) identified approximately 45,000 potential gene sequences (pHaps) from 
EST sequences of Williams/Williams 82, an inbred genotype of soybean (Glycine max L. 
Merr.) using a redundancy criterion to identify  reproducible sequence differences between 
related genes within gene families. Analysis of these sequences revealed single base 
substitutions and single base indels are the most frequently observed form of sequence 
variation between genes within families in the dataset. Genomic sequencing of selected loci 
indicates that intron-like intervening sequences are numerous  and are approximately 220 bp 
in length. Functional annotation of gene sequences indicates functional classifications are 
not randomly distributed among gene families containing few or many genes. The 
identification of potential gene sequences (pHaps) from soybean allows the scientist to get a 
picture of the genomic history of the organism as well as to observe the evolutionary fates of 
gene copies in this highly duplicated genome.  

7. Allele mining in soybean germplasm 

7.1 Concept 
Exploitation of gene banks for efficient uti lization depends on the knowledge of genetic 
diversity, in general, and allelic diversity at candidate gene(s) of interest, in particular. 
Hence, allele mining seems to be a promising in characterization of genetic diversity or 
allelic/genic diversity among the accessions of the collection in terms of its utility for 
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improving a target trait (Kaur et al., 2008). The availability of sequence and sequence 
variation that affects the plant phenotype is of utmost importance for the utilization of 
genetic resources in crop improvement (Graner, 2006). 
The existing allelic diversity in any crop species is caused by mutations, the evolutionary 
driving force (Kumar et al ., 2010). Mutations create new alleles or cause variations in the 
existing allele and allelic combinations. They take place in coding and non-coding regions of 
the genome either as single nucleotide polymorphism (SNP) or as insertion and deletion 
(InDel). As far it is known, there is no ci ted literatures on the effect of mutations on 
transcript synthesis and accumulation which in turn alter the trait expression in 5 �; UTR 
including promoter , introns and 3�; UTR in the genome of soybean. In coding region, it may 
have tremendous effect on the phenotype by altering the encoded protein structure and/or 
function. For example, the AtAHASL protein encoded by csr1-2 differs from the native 
AtAHASL protein by one amino acid substitution of a serine with an asparagine at residue 
653 (S653N) which results in tolerance to imidazolinone containing herbicides. Besides the 
altered herbicide binding, the protein retains it s biological function in the plant. Soybean 
line CV127 is tolerant to herbicides that contain imidazolinone. The another example is the 
mutations in soybean microsomal omega-3 fatty acid desaturase genes which resulted in 
reduce of linolenic acid concentration in soybean seeds (Bilyeu et al., 2005). Alternatively, 
several studies suggested that many diseases resistant alleles like soybean aphid [Aphis 
glycines Matsumura (Hemiptera: Aphididae)] resistance like Rag1 from Germplasm 
collection (Kim et al., 2010), brown Stem Rot resistance like Rbs1 and Rbs3 from soybean 
lines L78-4049 and PI 437.833, and PI 84946-2 (Eathington et al., 1995; Klos et al., 2000), 
soybean cyst nematode (SCN) resistance genes like rhg1 and Rhg4 from soybean lines PI 
88788, PI 437.654, Peking, PI90763 and PI209332, sudden death syndrome (SDS) resistance 
like Rfs1, rfs2, and rft  from soybean lines PI 437654 ( Meksem et al., 2001). 

7.2 Approaches 
Two major approaches are available for the identification of sequence polymorphisms for a 
given gene in the naturally occurring populations: (1) modified Targeting Induced Local 
Lesions in Genomes (TILLING) procedure and (2) sequencing based allele mining. 

7.2.1 TILLING approach 
In the TILLING approach, the polymorphisms (m ore specifically point mutations) resulting 
from induced mutations in a target gene can be identified by heteroduplex analysis (Till et 
al. 2003). This technique represents a means to determine the extent of variation in 
mutations artificially induced. EcoTilling repr esents a means to determine the extent of 
natural variation in selected genes in the primary and secondary crop gene pools (Comai 
and Henikoff, 2006 and Kumar et al. 2010). Like TILLING, it also relies on the enzymatic 
cleavage of heteroduplexed DNA, formed due to single nucleotide mismatch in sequence 
between reference and test genotype, with a single strand specific nuclease under specific 
conditions followed by detection through Li-Cor genotypers. At point mutations, there will 
be a cleavage by the nuclease to produce two cleaved products whose sizes will be equal to 
the size of full length product. The presence, type and location of point mutation or SNP will 
be confirmed by sequencing the amplicon from the test genotype that carry the mutation.  

7.2.2 Sequencing-based allele mining 
This technique involves amplification of alleles in diverse genotypes through PCR followed 
by identification of nucleotide variation by DNA sequencing. Sequencing-based allele 
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can result in an insufficient level of genetic variability. Assessing the genetic diversity of this 
germplasm at genomic DNA level would complement the knowledge on the European 
soybean gene pool (germplasm) and facilitate the utilization of the resources from 
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from each other assigning them into three major clusters, which largely corresponded to 
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The use of functional molecular markers, such as those developed from EST allows direct 
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indicates that intron-like intervening sequences are numerous  and are approximately 220 bp 
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not randomly distributed among gene families containing few or many genes. The 
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improving a target trait (Kaur et al., 2008). The availability of sequence and sequence 
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genetic resources in crop improvement (Graner, 2006). 
The existing allelic diversity in any crop species is caused by mutations, the evolutionary 
driving force (Kumar et al ., 2010). Mutations create new alleles or cause variations in the 
existing allele and allelic combinations. They take place in coding and non-coding regions of 
the genome either as single nucleotide polymorphism (SNP) or as insertion and deletion 
(InDel). As far it is known, there is no ci ted literatures on the effect of mutations on 
transcript synthesis and accumulation which in turn alter the trait expression in 5 �; UTR 
including promoter , introns and 3�; UTR in the genome of soybean. In coding region, it may 
have tremendous effect on the phenotype by altering the encoded protein structure and/or 
function. For example, the AtAHASL protein encoded by csr1-2 differs from the native 
AtAHASL protein by one amino acid substitution of a serine with an asparagine at residue 
653 (S653N) which results in tolerance to imidazolinone containing herbicides. Besides the 
altered herbicide binding, the protein retains it s biological function in the plant. Soybean 
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like Rfs1, rfs2, and rft  from soybean lines PI 437654 ( Meksem et al., 2001). 
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In the TILLING approach, the polymorphisms (m ore specifically point mutations) resulting 
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mining would help to analyze individuals fo r haplotype structure and diversity to infer 
genetic association studies in plants. Unlike EcoTilling, sequencing-based allele mining does 
not require much sophisticated equipment or involve tedious steps, but involves huge costs 
of sequencing. (Kumar et al., 2010) 

7.3 Applications 
Allele mining can be effectively and efficientl y used for (1) discovery of superior alleles, 
through ‘mining’ the gene of interest from di verse genetic resources, (2) providing insight 
into molecular basis of novel trait variations and identifying the nucleotide sequence 
changes associated with superior alleles, (3) studying the rate of evolution of alleles; allelic 
similarity/dissimilarity at a candidate gene and allelic synteny with other members of the 
family, (4) paving  way for molecular discrimination among related species through 
development of allele-specific molecular markers, and (5) facilitating introgression of novel 
alleles through Marker Assisted Selection (MAS) or deployment through Genetic 
Engineering (GE). Allele mining can also be potentially employed in the identification of 
nucleotide variation at a candidate gene associated with phenotypic variation for a trait. 
Through this, the frequency, type and the extent of occurrence of new haplotypes and the 
resulting phenotypic changes can be evaluated. 

7.4 Challenges 
The genetic resources collections, which are held collectively in various gene banks, harbour 
a wealth of undisclosed allelic variants. Now th e challenge is how to efficiently identify and 
exploit the useful variation of these collections to exploit in cr op improvement. The 
challenges stand as stampling block to make use of these collections are (1) selection of 
genotypes, (2) handling genomic resources, (3) demarcation of promoter region, (4) 
characterization of regulatory region, and (5) higher sequencing costs. The selection of 
germplasm to be ‘mined’ is one of the utmost  challenges face the scholars because of the 
huge genetic resources collections. To overcome the aforementioned challenges, we must (1) 
narrow down the core collection to a manageable size while maintainin g the variability, (2) 
refine phenotyping protocols to increase the efficiency of allele mining, (3) exploit the 
developments in allele mining, association genetics and comparative genomics by 
combining expertise from several disciplines, including molecular genetics, statistics and 
bioinformatics, (4) develop cheaper and faster sequencing platforms for high through put 
detection of allelic variations (5) develop flexible computational tools to manage genetic 
resources, select desirable alleles, analyze the functional nucleotide diversity to predict 
specific nucleotide changes responsible for altered function, accurately predict the core 
promoter region based on the representation/o ver-representation of consensus regulatory 
motifs, and get the snapshot of the regulatory elements which can be further examined 
through suitable experiments. 

8. Conclusion 

Soybean oil is used in many foods, industrial  and fuel products. Whereas soybean meal is 
incorporated into animal feed. The variation in the quality and quantity of these products is 
basically dependent on the genetic diversity of soybean germplasm.  The genetic diversity in 
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soybean germplasm was evolved from the dispersion of the cultivated soybean 
domesticated by the Chinese farmers. Many factors are affecting the dispersion of soybean 
including regional adaptation and selection. Morphological, cellular, biochemical (proteins 
and isozymes) and molecular markers have been used on the wide scale for the study of the 
genetic diversity of the cultivated and wild relative of soybean. These analyses were carried 
out to meet wide rang of objectives from simp ly testing the usefulness of a particular marker 
system to identifying exotic germplasm accessions to expand the genetic diversity of the 
elite germplasm pool in order to permit genetic improvement for increased soybean yield. 
Exploitation of soybean germplasm for effici ent utilization depends on the knowledge of 
genetic diversity, in general, and allelic diversity at candidate gene(s) of interest, in 
particular. The beneficial alleles from vast soybean genetic resources existing worldwide 
were derived from cultivated ge rmplasm. However, a significan t portion of these beneficial 
alleles were still resided in the wild soybean germplasm. Nowadays, considerable attention 
has focused on allele mining (gene polymorphisms) and their potential use to alter protein 
function in ways that might prove biologically important. But increasing numbers of 
polymorphisms are also being identified in the regulatory and non coden regions of genes. 
Therefore, allele mining is a promising appr oach to dissect naturally occurring allelic 
variation at candidate genes controlling key agronomic traits which has potential 
applications in crop improvement programs. Allele mining can be effectively used for 
discovery of superior alleles, through ‘min ing’ the gene of interest from soybean 
germplasm. It can also provide insight into molecular basis of novel trait variations and 
identify the nucleotide sequence changes associated with superior alleles. In addition, the 
rate of evolution of alleles; allelic similarity/dissimilarity at a candidate gene and allelic 
synteny with other members of the family can also be studied. Allele mining may also pave 
way for molecular discrimination among related species within the genus Glycine, 
development of allele-specific molecular markers, facilitating introgression of novel alleles 
through Marker Assisted Selection or deployment through genetic engineering. The alleles 
mining approaches and the challenges associated with it are also discussed. 
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mining would help to analyze individuals fo r haplotype structure and diversity to infer 
genetic association studies in plants. Unlike EcoTilling, sequencing-based allele mining does 
not require much sophisticated equipment or involve tedious steps, but involves huge costs 
of sequencing. (Kumar et al., 2010) 
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Through this, the frequency, type and the extent of occurrence of new haplotypes and the 
resulting phenotypic changes can be evaluated. 

7.4 Challenges 
The genetic resources collections, which are held collectively in various gene banks, harbour 
a wealth of undisclosed allelic variants. Now th e challenge is how to efficiently identify and 
exploit the useful variation of these collections to exploit in cr op improvement. The 
challenges stand as stampling block to make use of these collections are (1) selection of 
genotypes, (2) handling genomic resources, (3) demarcation of promoter region, (4) 
characterization of regulatory region, and (5) higher sequencing costs. The selection of 
germplasm to be ‘mined’ is one of the utmost  challenges face the scholars because of the 
huge genetic resources collections. To overcome the aforementioned challenges, we must (1) 
narrow down the core collection to a manageable size while maintainin g the variability, (2) 
refine phenotyping protocols to increase the efficiency of allele mining, (3) exploit the 
developments in allele mining, association genetics and comparative genomics by 
combining expertise from several disciplines, including molecular genetics, statistics and 
bioinformatics, (4) develop cheaper and faster sequencing platforms for high through put 
detection of allelic variations (5) develop flexible computational tools to manage genetic 
resources, select desirable alleles, analyze the functional nucleotide diversity to predict 
specific nucleotide changes responsible for altered function, accurately predict the core 
promoter region based on the representation/o ver-representation of consensus regulatory 
motifs, and get the snapshot of the regulatory elements which can be further examined 
through suitable experiments. 

8. Conclusion 

Soybean oil is used in many foods, industrial  and fuel products. Whereas soybean meal is 
incorporated into animal feed. The variation in the quality and quantity of these products is 
basically dependent on the genetic diversity of soybean germplasm.  The genetic diversity in 

 
Genetic Diversity and Allele Mining in Soybean Germplasm 

 

15 

soybean germplasm was evolved from the dispersion of the cultivated soybean 
domesticated by the Chinese farmers. Many factors are affecting the dispersion of soybean 
including regional adaptation and selection. Morphological, cellular, biochemical (proteins 
and isozymes) and molecular markers have been used on the wide scale for the study of the 
genetic diversity of the cultivated and wild relative of soybean. These analyses were carried 
out to meet wide rang of objectives from simp ly testing the usefulness of a particular marker 
system to identifying exotic germplasm accessions to expand the genetic diversity of the 
elite germplasm pool in order to permit genetic improvement for increased soybean yield. 
Exploitation of soybean germplasm for effici ent utilization depends on the knowledge of 
genetic diversity, in general, and allelic diversity at candidate gene(s) of interest, in 
particular. The beneficial alleles from vast soybean genetic resources existing worldwide 
were derived from cultivated ge rmplasm. However, a significan t portion of these beneficial 
alleles were still resided in the wild soybean germplasm. Nowadays, considerable attention 
has focused on allele mining (gene polymorphisms) and their potential use to alter protein 
function in ways that might prove biologically important. But increasing numbers of 
polymorphisms are also being identified in the regulatory and non coden regions of genes. 
Therefore, allele mining is a promising appr oach to dissect naturally occurring allelic 
variation at candidate genes controlling key agronomic traits which has potential 
applications in crop improvement programs. Allele mining can be effectively used for 
discovery of superior alleles, through ‘min ing’ the gene of interest from soybean 
germplasm. It can also provide insight into molecular basis of novel trait variations and 
identify the nucleotide sequence changes associated with superior alleles. In addition, the 
rate of evolution of alleles; allelic similarity/dissimilarity at a candidate gene and allelic 
synteny with other members of the family can also be studied. Allele mining may also pave 
way for molecular discrimination among related species within the genus Glycine, 
development of allele-specific molecular markers, facilitating introgression of novel alleles 
through Marker Assisted Selection or deployment through genetic engineering. The alleles 
mining approaches and the challenges associated with it are also discussed. 
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Importance of Seed [Fe] for  
Improved Agronomic Performance  

and Efficient Genotype Selection 

John V. Wiersma 
University of Minnesota/Northwest Research and Outreach Center 

United States 

1. Introduction 

Plants require a continuous supply of iron (F e) to maintain proper  growth. Although the 
most abundant micronutrient in surface soils (Fag eria et al., 2002), Fe is the most limiting to 
agricultural production throughout the world (Kochian, 2000) and to soybean production in 
the North Central United States (Hansen et al., 2003). Iron deficiency is a complex disorder 
and occurs in response to multiple soil, enviro nmental, and genetic factors. Iron deficiency 
chlorosis (IDC) is symptomatic of the disorder and commonly observed on high pH, highly 
calcareous soils. Planting Fe deficiency- resistant soybean [Glycine max. (L.) Merr.] varieties 
has been promoted as the best strategy to alleviate or avoid Fe deficiency where soybean is 
grown on high pH, highly-calcareous soils (F airbanks et al., 1987; Goos and Johnson, 2000; 
Naeve and Rehm, 2006). However, screening nurseries used to identify more resistant 
varieties based on visual chlorosis scores (VCS) do not always provide consistent, reliable 
results. A major obstacle to breeding for Fe chlorosis resistance in soybean has been that Fe 
deficiency symptoms and resistance scores cannot be consistently replicated among 
experiments. Inconsistent results preclude precise recommendations. Naeve and Rehm 
(2006), using nine highly tolerant and one moderately tolerant genotype, concluded that 
variety evaluation for IDC must be done at multiple IDC prone locations with varying soil 
chemical factors. One hypothesis is that this lack of consistency is probably due to the 
complex chemical and physical criteria in both the plant and soil that must be met for 
chlorosis to occur (Fairbanks, 2000; Naeve and Rehm, 2006). A more accurate and precise 
estimate of resistance to Fe deficiency may be expressed by a different plant character.  
Ideally, plant traits measured to  characterize resistance to Fe deficiency would be accurate, 
precise, simple, rapid, and inexpensive. Few plant traits or measures satisfy all of these 
requirements. For resistance to Fe deficiency, the “measure of choice” for decades (Weiss, 
1943; Cianzio et al., 1979; Froehlich and Fehr, 1981; Fairbanks et al., 1987; Penas, et al., 1990; 
Goos and Johnson, 2000; Helms et al., 2010) has been a subjective, discontinuous, visual 
estimate of the degree of chlorosis, i.e. VCS, of the most recently fully-expanded middle 
leaflet of the third or developmentally younge r trifoliolate. Cianzio et al. (1979) concluded 
that evaluation of foliar chlorosis, rather than measurement of chlorophyll concentration, is 
the most efficient procedure for comparison of cultivars because it requires relatively less 
labor. However, visual estimates of chlorosis wh en only the first trifoliolate leaf is fully 
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leaflet of the third or developmentally younge r trifoliolate. Cianzio et al. (1979) concluded 
that evaluation of foliar chlorosis, rather than measurement of chlorophyll concentration, is 
the most efficient procedure for comparison of cultivars because it requires relatively less 
labor. However, visual estimates of chlorosis wh en only the first trifoliolate leaf is fully 
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developed (Cianzio et al. 1979) may be more a reflection of planting seed [Fe]1 than 
resistance to Fe deficiency (Ambler and Brown, 1974; Tiffin and Chaney, 1973; Chaney et al., 
1992). Furthermore, Naeve and Rehm (2006) concluded that varietal screening based on VCS 
likely requires that evaluation is conducted at  multiple locations to be predictive. This 
suggests that using VCS to identify more resistant cultivars may not be the most efficient or 
least expensive procedure. It has been suggested that the plant character (plant height, seed 
number, grain yield, seed [Fe], VCS, relative chlorophyll [SPAD] reading) used to measure 
Fe deficiency is of primary importance in the classification of genotypes for resistance to Fe 
deficiency (Wiersma, 2007). Many of the characters mentioned are known to vary markedly 
in screening nurseries as well as in management studies (Helms et al., 2010; Naeve and 
Rehm, 2006; Wiersma, 2005, 2007, and 2010). 
In measuring the indirect effects of recurrent selection for Fe efficiency in soybean, Beeghly 
and Fehr (1989) reported that Fe efficiency was not associated closely with grain yield, time 
of maturity, plant height, seed protein or oil, leaflet traits, and most micronutrients, except 
seed [Fe]. Seed weight declined 12%; seed [Fe] increased 13%; whereas, seed Fe content did 
not change over seven cycles of selection (Beeghly and Fehr, 1989). For soils known to have 
yield-limiting availabilities of specific micron utrients, increasing the concentration of that 
micronutrient in seed used for planting has reduced Mo deficiency in corn ( Zea mays L.) 
(Weir and Hudson, 1966), Zn deficiency in several species (Rashid and Fox, 1992), Fe and Zn 
deficiency in rice (Oryza sativa L.) (Gregorio et al., 2000), B deficiency in soybean (Rerkasem, 
et al., 1997), and Fe deficiency in dry bean (Phaseolus vulgaris L.) (Beebe et al., 2000) and 
wheat (Triticum aestivum L.) (Shen et al., 2002). Since seed [Fe] can be regarded as an 
integrated measure of resistance to Fe deficiency that is manifest at maturity, perhaps seed 
[Fe] should be considered the “measure of choice” in determining susceptibility or 
resistance to IDC (Bouis et al., 2003; Nestle et al., 2006). 
This chapter presents evidence that supports the use of seed [Fe] as an accurate and 
consistent measure of genotypic differences in Fe efficiency and agronomic performance. 
This ‘evidence’ has been garnered from recent soybean Fe deficiency trials conducted on 
high pH, highly calcareous soils in the North Central region of the USA (Wiersma, 2005, 
2007, and 2010), from variety evaluation trials of the Univ. of Minn. Soybean Plant Breeding 
and Genetics Project, from IDC nurseries managed by R.J. Goos 
(http://www.soilsci.ndsu.nodak.ed u/yellowsoybeans/) and from varietal trials conducted 
on partially limed and fully limed, acid soils in Brazil (Spehar, 1994).  

2. Agronomic performance  

Average visual chlorosis scores (VCS) in chlorosis screening nurseries and in management 
trials involving various treatm ents are commonly accepted as reasonable estimates of the 
severity of Fe deficiency. Minor, although statistically significant, differences in VCS 
observed in the near absence of chlorosis, or in another trial, the near death of many 
cultivars, have little meaning. In the research discussed here, the severity of Fe deficiency 
ranged from almost no chlorosis (VCS= 1.2) to mild chlorosis (VCS=2.3) to moderate 
chlorosis (VCS=3.0) to severe chlorosis (VCS=4.2), nonetheless, consistent genotypic 
differences usually were observed when genotypes were first grouped into classes based on 
published VCS, field VCS observed at V3, or planting seed Fe concentration or content. 
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Class variances were calculated and tested for homogeneity (Snedecor and Cochran, 1980; 
Gomez and Gomez, 1984) and when class variances were homogeneous, regression 
equations were developed using class means consisting of both independent and dependent 
variables. Management studies involving increasi ng rates of seeding, increasing rates of Fe-
EDDHA application, and increasing rates of N application were conducted using resistant, 
moderately resistant, and susceptible cultivars, without first categorizing the smaller 
number of genotypes into classes.  

2.1 Increasing seeding rates with low Fe-EDDHA rates  
It is generally reported that increasing seeding rates will reduce visual chlorosis ratings 
(early and/or mid-season) and often will increase grain yield when soybean is grown where 
Fe deficiency is moderate to severe (Uvalle-Bueno and Romero, 1988; Penas et al., 1990; 
Goos and Johnson, 2001; Lingenfelser et al., 2005; Wiersma, 2007).  Increasing seeding 
density (seeds unit-1 of row), and, presumably, increasing the volume of soil occupied by 
roots unit -1 of row, can lead to higher yields and higher seed [Fe]s, but may have little 
influence on early-season VCS (Fig. 1 A, C, E). When averaged across 3 years, 4 replications, 
3 cultivars, and 5 rates of Fe-EDDHA, increasing seeding density almost 3-fold reduced 
visual chlorosis about 12% (Fig. 1 A). On the other hand, increasing Fe-EDDHA rates (in 
accordance with the severity of IDC) will markedly reduce early season VCSs, but may have 
little influence on grain yield (Fig. 1 B, D, F). Averaged across 3 years, 4 replications, 3 
cultivars, and 5 seeding densities, increasing the Fe-EDDHA rate 4-fold reduced early 
season visual chlorosis about 70% (Fig. 1 B).  Fe acquisition, measured as seed [Fe], appears 
to be regulated primarily by genotype, yet Fe acquisition by less Fe-efficient cultivars can be 
increased by increasing SD or reducing the severity of Fe deficiency. It is possible to slightly 
increase seed [Fe] of both susceptible and resistant cultivars grown under severe chlorosis if 
high rates (>4.48 kg ha-1) of Fe-EDDHA are used (Table 1; Fig. 1 F). Rates of Fe-EDDHA 
used in these studies (Fig. 1) were much lower (1.12 to 4.48 kg ha-1) than those evaluated in 
other studies (2.24 to 11.2 kg ha-1) and may have been responsible for the moderate 
responses to increasing rates of Fe-EDDHA. 

2.2 High Fe-EDDHA rates 
Research to reduce or alleviate IDC in soybean by applying various seed, soil, or foliar Fe 
chelates or fertilizers has been conducted for decades. Although the results have been 
mixed (Mortvedt, 1986), and are seldom directly comparable, positive responses to foliar 
(Randall, 1981), seed (Karkosh et al., 1988), and soil (Penas et al., 1990; Wiersma, 2005) 
application have been reported. Other researchers have observed only small, if any, 
response to similar treatments (Goos and Johnson, 2000; Goos and Johnson, 2001; Heitholt 
et al., 2003). Lack of consistent results may be related to differing levels of chlorosis 
severity among experiments; soil, environmenta l, or genetic differences; and/or the low 
rates of Fe often applied to ensure economic feasibility. Low rates of Fe probably do not 
satisfy the requirement of a continuous supply of Fe as plant development progresses 
(Goos and Johnson, 2001). 
Responses to higher (beyond economic feasibility) rates of Fe-EDDHA appear variety 
specific and occur over an extended period, manifest at maturity (Fig. 2). As plant 
development progresses, there are earlier, limited responses to low rates of Fe-EDDHA, 
whereas higher rates appear to provide Fe continuously and to promote later, larger 
responses.  
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Fig. 1. Visual chlorosis, grain yield, and harvest seed [Fe] of resistant and susceptible 
cultivars in response to seeding density and Fe-EDDHA rate. 

However, it should be noted that the severity of Fe deficiency and th e plant characters used 
to measure treatment response are both crucial when deciding the suitability of various 
treatments for improving Fe acquisition. For ex ample, measures of field visual chlorosis at 
low rates of Fe-EDDHA discriminate nicely betw een resistant and susceptible cultivars, but 
at higher Fe rates, almost all cultivars have similar scores (Table 1A). In contrast, measures 
of harvest seed [Fe] provide nearly identical discrimination among cultivars at each rate of 
Fe-EDDHA, and are nearly the same as the [Fe] of the seed used for planting (Table 1B).  
At lower rates of Fe-EDDHA, resistant cultivar s often exceed susceptible cultivars in plant 
height, seed number, and grain yield, whereas at higher rates, susceptible cultivars 
approach values similar to resistant cultivars (Fig. 2). With only slight chlorosis (Fig. 3, 
Fisher, MN 2003) seed [Fe] changed very little in response to added Fe for either resistant or 
susceptible cultivars. With severe chlorosis (Fig. 3, Crookston, MN, 2003), resistant cultivars 
increased harvest seed [Fe] about 15% in each portion of the canopy, whereas susceptible 
cultivars changed harvest seed [Fe] little in any portion of the canopy. Harvest seed [Fe]s of  
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A.        Published 

 
Initial 
seed 

Fe-EDDHA (kg Fe ha-1) chlorosis 

Variety 
Fe 

conc. 
0.00 2.24 4.48 6.72 8.96 11.20 rating 

 (µg g-1) 
----------------------  field visual chlorosis rating (1-5) -

------------------- 
(1-5) 

         
MN0302 88.6 2.1 B† 1.2 A 1.1 A 1.0 A 1.0 A 1.0 A 1.6 
GC3104 73.1 3.4 A 1.9 A 1.2 A 1.0 A 1.0 A 1.0 A 2.5 
Norpro 91.3 2.6 B 1.4 A 1.2 A 1.0 A 1.0 A 1.0 A 3.3 

S2000 2020 57.6 3.8 A 1.5 A 1.1 A 1.0 A 1.0 A 1.0 A 3.7 
         

LSD (0.05)  0.7 NS NS . . .  
CV 14.9 26 15.7 . . .  
B.    
 Published       Initial 
 chlorosis Fe-EDDHA (kg Fe ha-1) seed 

Variety rating 0.00 2.24 4.48 6.72 8.96 11.20 Fe conc. 

 (1-5) 
----------------------  harvest seed [Fe] (µg g-1 seed) -----

--------------- 
(µg g-1) 

         
MN0302 2.1 B 64.1 B 64.7 B 66.3 B 66.3 B 77.7 A 74.3 A 88.6 
GC3104 3.4 A 42.4 C 49.5 C 47.8 C 51.3 C 53.2 B 52.7 B 73.1 

Norpro 2.6 B 
79.3 
A 

77.1 A 78.6 A 76.4 A 76.9 A 80.0 A 91.3 

S2000 2020 3.8 A 41.3 C 46.4 C 45.5 C 45.4 C 45.4 B 49.8 B 57.6 
         

LSD (0.05) 0.7 8.3 6.0 5.8 6.3 12.2 9.7  
CV 14.9 9.2 6.3 6.2 6.5 12.0 9.4  

† Means followed by the same letter within a column are not statistically significant at the 5 % level of 
probability. 

Table 1. Field visual chlorosis rating recorded at V3 and seed [Fe] at harvest of four cultivars 
grown at six rates of Fe-EDDHA applied at planting. 

resistant cultivars were consistently higher than that of susceptible cultivars whether 
chlorosis was nil or severe. This observation is similar to that of Beebe et al. (2000) and Blair 
et al. (2009) who, from work done with dry beans ( Phaseolus vulgaris L.), concluded that seed 
micronutrient densities of Fe (and Zn) were consistent, reliable estimates of resistance to Fe 
deficiency. Genotypically superior and inferior  cultivars could be identified consistently 
across years and locations (Bouis et al., 2003; Nestle et al., 2006; Ghandilyan et al., 2006). 
Other research (Wiersma, 2005) has shown that plotting relative grain yield vs seed [Fe] for 
several environments exhibits a narrow range of seed [Fe] associated with wide ranges in 
relative yield and that there are consistent seed [Fe] differences between resistant and 
susceptible cultivars regardless of relative yield. These conclusions have led to the concept 
that individual genotypes have a seed [Fe] “threshold” that is presumably, genetically 
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predetermined, yet seldom exceeded, and that seed [Fe] could supplement or replace VCS as 
a measure of resistance to IDC.   
 
 
 
 
 

 
 
 
 

Fig. 2. Agronomic measures of resistance to Fe deficiency in soybean in response to 
increasing rates of applied Fe-EDDHA averaged over three environments (panels A, C, and 
E). SPAD measures were recorded at three stages of development in one environment 
(panels B, D, and F). 
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Fig. 3. Seed [Fe] at harvest for different canopy positions of resistant and susceptible 
cultivars grown under mild to severe Fe deficiency (Crookston, MN, 2003) and nil to mild Fe 
deficiency (Fisher, MN, 2003). 

2.3 Fe-EDDHA rates - canopy position  
Ten consecutive plants within row two of each plot in the Fe-EDDHA trials mentioned 
above were harvested at R7-R8, the total number of main stem nodes was counted, 
averaged, and used to separate plants into the upper, middle, and lower thirds of the plant. 
Sections were combined and the number of seeds, total seed weight, and seed [Fe] of the 
three sections of the canopy were determined. Averaged across cultivars, seed [Fe] 
decreased from approx. 50 µg g-1 at the lower canopy position, to 45 µg g-1 in the middle 
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one-third, to 40 µg g-1 in the top one-third (Fig. 3). This decrease occurred under both nil and 
severe Fe chlorosis and suggests that developmentally younger and older seeds respond 
similarly to increasing Fe-EDDHA rates. Increases in seed [Fe] occur primarily in resistant 
cultivars grown under harsh Fe deficiency. Susceptible cultivars show little response to 
added Fe-EDDHA whether Fe deficiency is nil or severe.  
With limited Fe deficiency (Fisher, MN, 2003), both resistant and susceptible cultivars attain 
their genetically predetermined seed [Fe] (Fig. 3). Taken together, these results suggest that 
developmentally younger, intermediate, and olde r seed accumulate Fe at similar rates, but 
for different lengths of time and that cultiv ars and canopy positions have very similar 
regression slopes, but different intercepts or “thresholds” (Fig. 4).  

2.4 Nitrogen rates 
The response of soybean cultivar resistance to IDC to differing N rates was evaluated in a 
field study. Six rates of fertilizer N (0, 34, 68, 102, 136, and 170 kg ha-1) were applied to six 
cultivars differing in resistance to IDC (2 Fe efficient, 2 moderately Fe efficient, and 2 Fe 
inefficient) over a three year period. Nodulati on decreased linearly in response to added N 
for all cultivars, regardless of their Fe efficiency characterization or yearly growing 
conditions. In contrast, relative foliar chlorophyll concentrations (SPAD readings) differed 
markedly among cultivars, but showed little co nsequential response to increasing nitrogen 
rates (NR) (Fig. 5). Plant height, seed number, grain yield, and seed [Fe] decreased linearly 
in response to increasing NRs for Fe-inefficient cultivars, whereas these responses in Fe-
efficient and moderately efficient cultivars ch anged little as NR increased (Figs. 5 and 6). 
Despite these differences, the ranking of cultivars based on seed [Fe] was only slightly 
affected by increasing NRs.  

3. Genotype selection  

When the results of variety evaluations cond ucted in large-scale chlorosis nurseries are 
considered, there is little evidence of consequential decreases in VCS among cultivars 
during the last decade (Fig. 7). However, selecting more resistant genotypes in large 
screening nurseries is complicated by the large genotype x nursery (environment) 
interaction, especially where VCSs are used to estimate ‘resistance’. Inconsistent variety 
responses have been attributed to environments, soil heterogeneity, and large variations in 
soil chemistry (Jolley et al., 1996; Fairbanks, 2000). Ferric chelate reductases and quantitative 
determination of iron reduction have been suggested as reliable indicators of the genetic 
potential for chlorosis resistance (Jolley et al., 1996; Fairbanks, 2000). Factors controlling 
absorption and transport of Fe are known to be located in the root and to be genetically 
determined (Brown et al., 1958; Brown et al., 1972). Although these measures appear to be 
reliable, they require specialized equipment and knowledge, limiting the number of 
potential genotypes that can be evaluated in a reasonable amount of time. Within years, 
genotypic rank correlations of VCSs (Table 2) are often highly significant across locations, 
suggesting reasonable reliability. This can be deceiving, however, because large-scale 
nurseries often have ‘normal’ distributions with nearly all VCSs being between 2.5 and 3.5 at 
each location (Fig. 8). In a field study conducted during 2007, 2008, and 2009 rank 
correlations were calculated among 14 genotypes that had been included each year (Table 
5). These results suggest that VCSs may not be the most appropriate measures of Fe 
efficiency.  During the same decade, micronutrient densities (primarily Fe and Zn) in both 
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grasses and legumes have been found to be reliable and consistent across both years and 
locations. Research conducted on dry bean (Phaseolus vulgaris L.), wheat (Triticum aestivum 
L.), and rice (Oryza sativa L.) cultivars demonstrated that genotypes with high micronutrient 
densities of Fe and Zn during one year at one location will also be among the highest at 
another location in another year (Gregorio, 2002; Shen et al., 2002; Bouis et al., 2003; Nestle et 
al., 2006; Blair et al., 2009; Blair et al., 2010). Perhaps, measures of resistance to Fe deficiency 
in soybean should involve integrated estimates of uptake, transport, an d accumulation of Fe 
that are manifest at maturity, such as Fe content 1000-1 seeds, seed [Fe], and/or iron removal 
with seed (µg Fe m-2). 

3.1 Roundup ready vs conventional cultivars  
As Roundup Ready™ (RR) cultivars were fi rst being released there was local concern 
among growers and crop consultants that resistance to Fe deficiency may not have been 
incorporated during development of earlier releases. During 2002, ten RR™ and ten 
‘conventional’ cultivars were grown at two rates of Fe-EDDHA (0 and 8.96 kg ha -1) at the 
University of Minnesota Northwest Research and Outreach Center (NWROC) on soils 
with a known history of mild to severe Fe deficiency. A relatively high rate of application 
of Fe-EDDHA increased relative chlorophyll readings at V3 about 13% (4.6 SPAD units) 
and increased grain yield nearly 18% (434 kg ha-1). Roundup Ready cultivars out-yielded 
conventional cultivars by approximately the same amount, 19% (453 kg ha-1). 
Nonetheless, seed [Fe] at harvest did not differ between Fe-EDDHA rates, nor between RR 
and conventional cultivars (Table 3). Seed [Fe] at harvest was moderately related to both 
published visual chlorosis score (r2=0.452) and Fe concentration of the seed used for 
planting (r 2=0.458). Classifying cultivars on the basis of their published VCS and then 
their planting seed [Fe] resulted in the same cultivars being in each class and, 
consequently, having the same r2 values. This research involved a relatively small sample 
of cultivars grown under harsh conditions and may not have fairly represented the 
importance of Fe 1000-1 seeds, seed [Fe], and/or Fe removal. Similarly, it is important to 
remember that these results cannot be extended to all RR and conventional soybean 
cultivars. 

3.2 Variety x Fe-EDDHA rate   
Four cultivars (two Fe deficiency resistant, tw o Fe deficiency susceptible) and six rates of Fe-
EDDHA (0, 2.24, 4.48, 6.72, 8.96, and 11.2 kg ha-1) were evaluated at one location in 2002 and 
six cultivars (two Fe deficiency resistant, two moderately resistant, and two susceptible) 
were evaluated at two locations in 2003. Visual chlorosis scores recorded at V3 could 
distinguish resistant from susceptible cultiv ars only when no Fe-EDDHA was applied, 
whereas harvest seed [Fe] could discriminate among resistant and susceptible cultivars at all 
six rates of Fe-EDDHA and in exactly the same order at each level of added Fe chelate (Table 
1). Although grain yield increased markedly with added Fe chelate (Fig. 1. C), seed [Fe] 
changed very little (approx. 11%) (Fig. 1. F). The rank order of cultivars for harvest seed [Fe] 
was also the same as that of the cultivars’ initial or planting seed [Fe], providing some 
evidence that seed [Fe] reflects varietal differences in resistance to Fe deficiency. Similar 
results recorded for the two 2003 trials, where two additional cultivars were evaluated 
under different severities of Fe deficiency, extend the applicability of this concept to 
evaluations conducted on similar soils.  
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one-third, to 40 µg g-1 in the top one-third (Fig. 3). This decrease occurred under both nil and 
severe Fe chlorosis and suggests that developmentally younger and older seeds respond 
similarly to increasing Fe-EDDHA rates. Increases in seed [Fe] occur primarily in resistant 
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screening nurseries is complicated by the large genotype x nursery (environment) 
interaction, especially where VCSs are used to estimate ‘resistance’. Inconsistent variety 
responses have been attributed to environments, soil heterogeneity, and large variations in 
soil chemistry (Jolley et al., 1996; Fairbanks, 2000). Ferric chelate reductases and quantitative 
determination of iron reduction have been suggested as reliable indicators of the genetic 
potential for chlorosis resistance (Jolley et al., 1996; Fairbanks, 2000). Factors controlling 
absorption and transport of Fe are known to be located in the root and to be genetically 
determined (Brown et al., 1958; Brown et al., 1972). Although these measures appear to be 
reliable, they require specialized equipment and knowledge, limiting the number of 
potential genotypes that can be evaluated in a reasonable amount of time. Within years, 
genotypic rank correlations of VCSs (Table 2) are often highly significant across locations, 
suggesting reasonable reliability. This can be deceiving, however, because large-scale 
nurseries often have ‘normal’ distributions with nearly all VCSs being between 2.5 and 3.5 at 
each location (Fig. 8). In a field study conducted during 2007, 2008, and 2009 rank 
correlations were calculated among 14 genotypes that had been included each year (Table 
5). These results suggest that VCSs may not be the most appropriate measures of Fe 
efficiency.  During the same decade, micronutrient densities (primarily Fe and Zn) in both 
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grasses and legumes have been found to be reliable and consistent across both years and 
locations. Research conducted on dry bean (Phaseolus vulgaris L.), wheat (Triticum aestivum 
L.), and rice (Oryza sativa L.) cultivars demonstrated that genotypes with high micronutrient 
densities of Fe and Zn during one year at one location will also be among the highest at 
another location in another year (Gregorio, 2002; Shen et al., 2002; Bouis et al., 2003; Nestle et 
al., 2006; Blair et al., 2009; Blair et al., 2010). Perhaps, measures of resistance to Fe deficiency 
in soybean should involve integrated estimates of uptake, transport, an d accumulation of Fe 
that are manifest at maturity, such as Fe content 1000-1 seeds, seed [Fe], and/or iron removal 
with seed (µg Fe m-2). 

3.1 Roundup ready vs conventional cultivars  
As Roundup Ready™ (RR) cultivars were fi rst being released there was local concern 
among growers and crop consultants that resistance to Fe deficiency may not have been 
incorporated during development of earlier releases. During 2002, ten RR™ and ten 
‘conventional’ cultivars were grown at two rates of Fe-EDDHA (0 and 8.96 kg ha -1) at the 
University of Minnesota Northwest Research and Outreach Center (NWROC) on soils 
with a known history of mild to severe Fe deficiency. A relatively high rate of application 
of Fe-EDDHA increased relative chlorophyll readings at V3 about 13% (4.6 SPAD units) 
and increased grain yield nearly 18% (434 kg ha-1). Roundup Ready cultivars out-yielded 
conventional cultivars by approximately the same amount, 19% (453 kg ha-1). 
Nonetheless, seed [Fe] at harvest did not differ between Fe-EDDHA rates, nor between RR 
and conventional cultivars (Table 3). Seed [Fe] at harvest was moderately related to both 
published visual chlorosis score (r2=0.452) and Fe concentration of the seed used for 
planting (r 2=0.458). Classifying cultivars on the basis of their published VCS and then 
their planting seed [Fe] resulted in the same cultivars being in each class and, 
consequently, having the same r2 values. This research involved a relatively small sample 
of cultivars grown under harsh conditions and may not have fairly represented the 
importance of Fe 1000-1 seeds, seed [Fe], and/or Fe removal. Similarly, it is important to 
remember that these results cannot be extended to all RR and conventional soybean 
cultivars. 

3.2 Variety x Fe-EDDHA rate   
Four cultivars (two Fe deficiency resistant, tw o Fe deficiency susceptible) and six rates of Fe-
EDDHA (0, 2.24, 4.48, 6.72, 8.96, and 11.2 kg ha-1) were evaluated at one location in 2002 and 
six cultivars (two Fe deficiency resistant, two moderately resistant, and two susceptible) 
were evaluated at two locations in 2003. Visual chlorosis scores recorded at V3 could 
distinguish resistant from susceptible cultiv ars only when no Fe-EDDHA was applied, 
whereas harvest seed [Fe] could discriminate among resistant and susceptible cultivars at all 
six rates of Fe-EDDHA and in exactly the same order at each level of added Fe chelate (Table 
1). Although grain yield increased markedly with added Fe chelate (Fig. 1. C), seed [Fe] 
changed very little (approx. 11%) (Fig. 1. F). The rank order of cultivars for harvest seed [Fe] 
was also the same as that of the cultivars’ initial or planting seed [Fe], providing some 
evidence that seed [Fe] reflects varietal differences in resistance to Fe deficiency. Similar 
results recorded for the two 2003 trials, where two additional cultivars were evaluated 
under different severities of Fe deficiency, extend the applicability of this concept to 
evaluations conducted on similar soils.  
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Fig. 4. Results (observed and predicted values) from linear regression equations of harvest 
seed [Fe] on applied Fe-EDDHA were significant for each one-third of the canopy for 
resistant cultivars, but for none of the canopy thirds for susceptible cultivars, Crookston, 
MN and Fisher, MN, 2003. Rates of applied Fe-EDDHA were: 0, 125, 250, 375, 500, 625 mg 
Fe-EDDHA per m of a 0.56 m wide row. 
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Fig. 5. Varietal differences in linear response to added N, averaged across three years, for 
plant height, relative chlorophyll, and nodulation score.  
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plant height, relative chlorophyll, and nodulation score.  



 
Soybean – Genetics and Novel Techniques for Yield Enhancement 

 

34

 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

Fig. 6. Varietal differences in linear response to added N, averaged across three years for 
seed number, seed weight, grain yield, and seed [Fe]. 
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Fig. 7. Changes in means of visual chlorosis score and number of entries during the last 
decade for three large-scale chlorosis nurseries. 
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Fig. 8. Frequency (as a percentage of the total) of cultivars in increasing, field visual 
chlorosis categories at three North Dakota locations in 2009. 
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Year  Amenia Ayr Colfax Galesburg Leonard 
2008       

 Amenia 1 0.7902** 0.8386** 0.8118** 0.6696** 
 Ayr  1 0.7676** 0.7559** 0.6368** 
 Colfax   1 0.7958** 0.6832** 
 Galesburg    1 0.6372** 
 Leonard     1 

2009       
  Ayr Hunter Leonard   
 Ayr 1 0.7989** 0.7817**   
 Hunter  1 0.7964**   
 Leonard   1   

2010       
  Ayr Colfax Galesburg Leonard Prosper 
 Ayr 1 0.6932** 0.7227** 0.5606** 0.6674** 
 Colfax  1 0.5829** 0.5109** 0.6168** 
 Galesburg   1 0.5151** 0.5800** 
 Leonard    1 0.5270** 
 Prosper     1 

**  Significant at 1% level of probability. 

Table 2. Genotypic rank correlations across several North Dakota locations during 2008, 
2009, and 2010. 

3.3 Northwest Minnesota - seventy-two cultivars, 4 environments 
Results from earlier research (Table 1; Figs.1, 2, and 3) provided preliminary, but 
convincing, evidence that grain yield and harvest seed [Fe] were closely related to 
planting seed [Fe] across several genotypes when conditions favorable for Fe deficiency 
prevailed. These studies, however, involved only 4 to 29 cultivars. To confirm this 
observation we evaluated 72 cultivars expressing a wide range of seed Fe concentrations. 
Our primary objective was to compare plant traits thought to represent measures of 
resistance to Fe deficiency. This collection of Maturity Group 00 (MG 00) genotypes had a 
range of planting seed Fe concentrations from 64 to 106 ug Fe g-1 seed.  We assumed that 
the seed we obtained had been grown with adequate Fe availability.  Plants were grown 
in nutrient solution as well as field nurser ies. Nutrient solution culture procedures 
described by Chaney et al. (1992) were used to evaluate genotypes grown with moderate 
to severe Fe deficiency under controlled condit ions. Other researchers have concluded 
that similar quantitative trait loci (QTL) are id entified in nutrient so lution and field tests 
and, therefore, both systems identify similar genetic mechanisms of iron uptake and/or 
utilization (Lin et al., 2000). 
These seventy-two genotypes also were grown on high pH, highly calcareous soils at three 
locations in 2003 and one location in 2004. Measures of resistance to Fe deficiency were: 
harvest seed [Fe] (µg g-1 seed); harvest seed Fe content (µg 1000-1 seeds); and Fe removal (µg 
Fe m-2). Classification variables were: published visual chlorosis (VC); in-field visual 
chlorosis at V3 (V3); planting seed [Fe] (µg Fe g-1 seed) (FC); planting seed Fe content (µg Fe 
1000-1 seeds) (FS); and relative chlorophyll concentration (SPAD values) (GC). 
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Table 2. Genotypic rank correlations across several North Dakota locations during 2008, 
2009, and 2010. 

3.3 Northwest Minnesota - seventy-two cultivars, 4 environments 
Results from earlier research (Table 1; Figs.1, 2, and 3) provided preliminary, but 
convincing, evidence that grain yield and harvest seed [Fe] were closely related to 
planting seed [Fe] across several genotypes when conditions favorable for Fe deficiency 
prevailed. These studies, however, involved only 4 to 29 cultivars. To confirm this 
observation we evaluated 72 cultivars expressing a wide range of seed Fe concentrations. 
Our primary objective was to compare plant traits thought to represent measures of 
resistance to Fe deficiency. This collection of Maturity Group 00 (MG 00) genotypes had a 
range of planting seed Fe concentrations from 64 to 106 ug Fe g-1 seed.  We assumed that 
the seed we obtained had been grown with adequate Fe availability.  Plants were grown 
in nutrient solution as well as field nurser ies. Nutrient solution culture procedures 
described by Chaney et al. (1992) were used to evaluate genotypes grown with moderate 
to severe Fe deficiency under controlled condit ions. Other researchers have concluded 
that similar quantitative trait loci (QTL) are id entified in nutrient so lution and field tests 
and, therefore, both systems identify similar genetic mechanisms of iron uptake and/or 
utilization (Lin et al., 2000). 
These seventy-two genotypes also were grown on high pH, highly calcareous soils at three 
locations in 2003 and one location in 2004. Measures of resistance to Fe deficiency were: 
harvest seed [Fe] (µg g-1 seed); harvest seed Fe content (µg 1000-1 seeds); and Fe removal (µg 
Fe m-2). Classification variables were: published visual chlorosis (VC); in-field visual 
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 Type 3 Tests of Fixed Effects  
 Numerator Denominator  

Effect df df F value Pr > F  
  

Fe Rate 1 6 20.83 0.0038  
Entry 19 114 4.49 <.0001  

Fe Rate * 
Entry 

19 114 0.67 0.8369  

 
 Estimates

Label Estimates 
Standard 

Error 
df t Value Pr > F 

  
Mean Hi gh 

Rate 
35.0325 0.7198 6 48.67 <.0001 

Mean Low 
Rate 

30.3862 0.7198 6 42.22 <.0001 

HI vs Low 
Fe 

4.6463 1.0179 6 4.56 0.0038 

RR 33.8887 0.5781 9.94 58.62 <.0001 
Conv. 31.5300 0.5781 9.94 54.54 <.0001 

RR vs Conv. 2.3588 0.5482 114 4.30 <.0001 
Rate 1 – RR 31.8850 0.8175 9.94 39.00 <.0001 
Rate 2 – RR 35.8925 0.8175 9.94 43.90 <.0001 
R1 vs R2 – 

RR 
-4.0075 1.1562 9.94 -3.47 0.0061 

Rate 1 – 
Conv. 

28.8875 0.8175 9.94 35.34 <.0001 

Rate 2 – 
Conv. 

34.1725 0.8175 9.94 41.80 <.0001 

R1 vs R2 – 
Conv. 

-5.2850 1.1562 9.94 -4.57 0.0010 

   
 Contrasts  
 Numerator Denominator  

Label df df F value Pr > F  
  

Hi vs Low 
Fe (C1) 

1 6 20.83 0.0038  

RR vs Conv. 
(C2) 

1 114 18.51 <.0001  

C1 x C2 1 114 1.36 0.2464  
†  SPAD values are described as consistent and accurate measures of leaf chlorophyll content (umoles m-

2 of leaf area) (Markwell, et al., 1995; Markwell and Blevins, 1999).  

Table 3. Analysis of variance of SPAD† at V3 for 10 RR and 10 conventional soybean 
cultivars grown at two rates of Fe-EDDHA under severe Fe deficiency. 
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 Type 3 Tests of Fixed Effects  
 Numerator Denominator    

Effect df df F value Pr > F  
      

Fe Rate 1 6 1.54 0.2614  
Entry 19 114 2.37 0.0026  

Fe 
Rate*Entry 

19 114 0.61 0.8950  

  
 Estimates 

Label Estimates 
Standard 

error 
df t value Pr. [t] 

      
Mean High 

Rate 
2797.27 247.64 6 11.30 <.0001 

Mean Low 
Rate 

2363.11 247.64 6 9.54 <.0001 

HI vs LOW 
Fe 

434.16 350.21 6 1.24 0.2614 

RR 2806.51 181.92 6.99 15.43 <.0001 
Conv. 2353.87 181.92 6.99 12.94 <.0001 

RR vs Conv. 452.64 98.65 114 4.59 <.0001 
Rate 1 – RR 2568.48 257.27 6.99 9.98 <.0001 
Rate 2 – RR 3044.55 257.27 6.99 11.83 <.0001 
R1 vs R2 – 

RR 
-476.07 363.84 6.99 -1.31 0.2321 

Rate 1 – 
Conv. 

2157.75 257.27 6.99 8.39 <.0001 

Rate 2 – 
Conv. 

2550.00 257.27 6.99 9.91 <.0001 

R1 vs R2 – 
Conv. 

-392.25 363.84 6.99 -1.08 0.3168 

      
 Contrasts  
 Numerator Denominator    

Label df df F value Pr > F  
      

Hi vs Low Fe 
(C1) 

1 6 1.54 0.2614  

RR vs Conv. 
(C2) 

1 114 21.05 <.0001  

C1 x C2 1 114  0.6717  

Table 4. Analysis of variance of grain yield for 10 RR and 10 conventional soybean cultivars 
grown at two rates of Fe-EDDHA under severe Fe deficiency. 
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Table 4. Analysis of variance of grain yield for 10 RR and 10 conventional soybean cultivars 
grown at two rates of Fe-EDDHA under severe Fe deficiency. 
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We acknowledge that in our studies genotype and seed [Fe] are confounded and that Fe 
availability, as well as genotype, likely will influence final seed [Fe]. Although seed [Fe] and 
genotype are confounded, this is not unlike visual chlorosis score and genotype. A better 
approach would have been to use several genotypes each having a range of seed [Fe] from 
50 to 120 µg g-1 seed. We were unable to identify or create these treatments. Nonetheless, we 
know from earlier research (Wiersma, 2005, 2007, and 2010) that large (25-50%) differences 
in agronomic performance, within the same geno type, often are associated with rather small 
(5-10%) differences in harvest seed [Fe]. In this case, correlations among agronomic 
characters and seed [Fe] are relatively small (r <0.4). We also know from field experiments 
that differences between cultivars of <10 µg Fe g-1 seed are not likely to be statistically 
significant (Wiersma, 2005, 2007,and 2010). Similarly, Shen et al. (2002) concluded that in 
wheat “In fact, it is impossible to distinguish completely the role of the genotype vs seed Fe 
content in the early response to Fe deficiency because the difference in seed Fe content can 
be an aspect of genotypic difference to Fe deficiency”.  It is reasonable to think that seed [Fe], 
seed Fe content, or Fe removal can also be considered aspects of genotypic differences in 
response to Fe deficiency. 
 

 Year 
Year 2007 2008 2009 

    
2007 1 0.6176* 0.5472* 
2008  1 0.3714NS 

2009   1 

*, NS  Significant at 5% level of probability, and not significant at 5% level of probability 

Table 5. Genotypic rank correlations of 14 genotypes across several North Dakota locations 
during 2007, 2008, and 2009. 

In-field visual chlorosis is better predicted us ing at planting seed [Fe] than the recorded 
visual chlorosis score, although the relationship is far from perfect. The complexity of 
using individual genotype means, without first classifying them into groups, is illustrated 
in Fig. 9. The extent of yellowing (VCS) among plots within a nursery often approaches a 
continuous distribution from green to yellow.  Historically, this range of expression has 
been sub-divided into classes prior to analysis (Fehr, 1982). Thus, to evaluate relationships 
among characters, the 72 genotypes in each environment were first divided into 5 classes 
on the basis of several characters: recorded visual chlorosis (VC); visual chlorosis at V3 
(V3); seed Fe concentration (FC); seed Fe content (FS); and growth chamber SPAD (GC). 
Then, Levene’s F test (Littell et al., 2006) was used to assess homogeneity of error 
variances across classes for each measure used in classifying genotypes. Welch’s F test 
was used to test the equality of means across the levels of the single class terms (Littell et 
al., 2006). Ideally, plant traits used to classify genotypes would have homogeneous error 
variances (non-significant Levene’s F) and significant differences among class means 
(significant Welch’s F).  
Classifying genotypes on the basis of visual observations, either VC or V3, rarely (16%) 
yielded homogeneous class variances, although differences among class means were almost 
always (83%) significant (Table 6). The heterogeneous class variances indicate that VCSs 
may not be the most appropriate measures of Fe efficiency and suggest that the slow 
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improvement in genotypic resistance mentione d earlier may be related to the plant trait 
used to measure resistance.  
Classifying genotypes on the basis of relative chlorophyll concentration (GC) yielded 
homogeneous class variances; however, differences among class means were not statistically 
significant (Table 6). The severity of Fe chlorosis in nutrient solution culture was especially 
harsh and may have limited genotypic expression of resistance to those genotypes having 
high Fe-efficiency (Jessen, et al., 1988). Although other researchers have concluded that 
similar QTL for visual chlorosis are identified in nutrient solution and field tests (Lin et al., 
2000), other QTL may be identified when integr ated measures of resistance, manifest at 
maturity, are evaluated. 
Classifying genotypes on the basis of planting seed Fe content (ng Fe seed-1 or ug Fe 1000-1 
seeds) resulted in  homogeneous class variances for each measure of resistance, whereas, 
differences among class means were significant only for harvest seed Fe content (Table 6; 
Fig. 10). Measures of planting seed Fe content should provide reliable measures of resistance 
to Fe deficiency defined as Fe accumulation. Using planting seed [Fe] to classify genotypes 
resulted in homogeneous class variances for Fe accumulation and harvest seed [Fe], but not 
for Fe removal. Differences among class means were significant for each measure of 
resistance. The heterogeneous class variances for Fe removal is a warning that planting seed 
[Fe] may not provide consistent, reliable estimates of resistance to Fe deficiency defined as 
Fe removal at harvest. Another interpretation is that Fe removal at harvest may not be an 
acceptable measure of resistance to Fe deficiency because it involves the primary yield 
component, seeds m-2. Grain yield is not necessarily a suitable measure of resistance to Fe 
deficiency, especially where Fe is not yield-limiting, such as on non-IDC prone sites (Helms, 
et al., 2010). Helms, et al. (2010) also noted that visual chlorosis scores could not identify the 
highest-yielding genotype even where Fe was yield-limiting.   
The severity of Fe deficiency among environments ranged from almost no chlorosis (Fisher, 
MN, 2003; VCS=1.2) to mild chlorosis (Crookston, MN, 2003; VCS=2.3) to moderate 
chlorosis (Ada, MN, 2003; VCS=3.0) to severe chlorosis (Crookston, MN, 2004; VCS=4.2). 
Across this wide range of IDC severity, our results emphasize the difficulty of identifying 
superior genotypes when visual observations, either VC or V3, are used to classify 
genotypes, whereas, the importance of seed [Fe] for efficient genotype selection (consistency 
and reliability) is underscored. Genotypes were also ranked in each environment for three 
putative measures of resistance to Fe deficiency and for four classification variables thought 
to represent potential measures of resistance to Fe deficiency. These values were then 
correlated to determine genotypic rank corre lations among environments (Table 7).  
When genotypes were ranked using published visual chlorosis scores or in-field visual 
chlorosis scores, there was little association with measures of resistance to Fe deficiency. In 
contrast, when genotypes were ranked using planti ng seed [Fe] or planting seed Fe content, 
there often was a close association with measures of resistance to Fe deficiency. These 
generalizations, however, do not include Cr ookston, 2004 where IDC was especially severe 
and some genotypes barely survived. Nonetheless, planting seed [Fe] and content are 
substantially superior to measures of visual chlorosis for identifying consistent, reliable 
estimates of resistance to Fe deficiency (Fig. 10). The consistency and reliability of using seed 
[Fe] as a measure of resistance to Fe deficiency in soybean is further illustrated in the article 
written by Spehar (1994).  
Using results from this study of 45 cultivars of soybean grown on partly- and fully-limed 
acid soils in Brazil, it is possible to calculate a genotypic rank correlation coefficient 
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We acknowledge that in our studies genotype and seed [Fe] are confounded and that Fe 
availability, as well as genotype, likely will influence final seed [Fe]. Although seed [Fe] and 
genotype are confounded, this is not unlike visual chlorosis score and genotype. A better 
approach would have been to use several genotypes each having a range of seed [Fe] from 
50 to 120 µg g-1 seed. We were unable to identify or create these treatments. Nonetheless, we 
know from earlier research (Wiersma, 2005, 2007, and 2010) that large (25-50%) differences 
in agronomic performance, within the same geno type, often are associated with rather small 
(5-10%) differences in harvest seed [Fe]. In this case, correlations among agronomic 
characters and seed [Fe] are relatively small (r <0.4). We also know from field experiments 
that differences between cultivars of <10 µg Fe g-1 seed are not likely to be statistically 
significant (Wiersma, 2005, 2007,and 2010). Similarly, Shen et al. (2002) concluded that in 
wheat “In fact, it is impossible to distinguish completely the role of the genotype vs seed Fe 
content in the early response to Fe deficiency because the difference in seed Fe content can 
be an aspect of genotypic difference to Fe deficiency”.  It is reasonable to think that seed [Fe], 
seed Fe content, or Fe removal can also be considered aspects of genotypic differences in 
response to Fe deficiency. 
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*, NS  Significant at 5% level of probability, and not significant at 5% level of probability 

Table 5. Genotypic rank correlations of 14 genotypes across several North Dakota locations 
during 2007, 2008, and 2009. 

In-field visual chlorosis is better predicted us ing at planting seed [Fe] than the recorded 
visual chlorosis score, although the relationship is far from perfect. The complexity of 
using individual genotype means, without first classifying them into groups, is illustrated 
in Fig. 9. The extent of yellowing (VCS) among plots within a nursery often approaches a 
continuous distribution from green to yellow.  Historically, this range of expression has 
been sub-divided into classes prior to analysis (Fehr, 1982). Thus, to evaluate relationships 
among characters, the 72 genotypes in each environment were first divided into 5 classes 
on the basis of several characters: recorded visual chlorosis (VC); visual chlorosis at V3 
(V3); seed Fe concentration (FC); seed Fe content (FS); and growth chamber SPAD (GC). 
Then, Levene’s F test (Littell et al., 2006) was used to assess homogeneity of error 
variances across classes for each measure used in classifying genotypes. Welch’s F test 
was used to test the equality of means across the levels of the single class terms (Littell et 
al., 2006). Ideally, plant traits used to classify genotypes would have homogeneous error 
variances (non-significant Levene’s F) and significant differences among class means 
(significant Welch’s F).  
Classifying genotypes on the basis of visual observations, either VC or V3, rarely (16%) 
yielded homogeneous class variances, although differences among class means were almost 
always (83%) significant (Table 6). The heterogeneous class variances indicate that VCSs 
may not be the most appropriate measures of Fe efficiency and suggest that the slow 
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improvement in genotypic resistance mentione d earlier may be related to the plant trait 
used to measure resistance.  
Classifying genotypes on the basis of relative chlorophyll concentration (GC) yielded 
homogeneous class variances; however, differences among class means were not statistically 
significant (Table 6). The severity of Fe chlorosis in nutrient solution culture was especially 
harsh and may have limited genotypic expression of resistance to those genotypes having 
high Fe-efficiency (Jessen, et al., 1988). Although other researchers have concluded that 
similar QTL for visual chlorosis are identified in nutrient solution and field tests (Lin et al., 
2000), other QTL may be identified when integr ated measures of resistance, manifest at 
maturity, are evaluated. 
Classifying genotypes on the basis of planting seed Fe content (ng Fe seed-1 or ug Fe 1000-1 
seeds) resulted in  homogeneous class variances for each measure of resistance, whereas, 
differences among class means were significant only for harvest seed Fe content (Table 6; 
Fig. 10). Measures of planting seed Fe content should provide reliable measures of resistance 
to Fe deficiency defined as Fe accumulation. Using planting seed [Fe] to classify genotypes 
resulted in homogeneous class variances for Fe accumulation and harvest seed [Fe], but not 
for Fe removal. Differences among class means were significant for each measure of 
resistance. The heterogeneous class variances for Fe removal is a warning that planting seed 
[Fe] may not provide consistent, reliable estimates of resistance to Fe deficiency defined as 
Fe removal at harvest. Another interpretation is that Fe removal at harvest may not be an 
acceptable measure of resistance to Fe deficiency because it involves the primary yield 
component, seeds m-2. Grain yield is not necessarily a suitable measure of resistance to Fe 
deficiency, especially where Fe is not yield-limiting, such as on non-IDC prone sites (Helms, 
et al., 2010). Helms, et al. (2010) also noted that visual chlorosis scores could not identify the 
highest-yielding genotype even where Fe was yield-limiting.   
The severity of Fe deficiency among environments ranged from almost no chlorosis (Fisher, 
MN, 2003; VCS=1.2) to mild chlorosis (Crookston, MN, 2003; VCS=2.3) to moderate 
chlorosis (Ada, MN, 2003; VCS=3.0) to severe chlorosis (Crookston, MN, 2004; VCS=4.2). 
Across this wide range of IDC severity, our results emphasize the difficulty of identifying 
superior genotypes when visual observations, either VC or V3, are used to classify 
genotypes, whereas, the importance of seed [Fe] for efficient genotype selection (consistency 
and reliability) is underscored. Genotypes were also ranked in each environment for three 
putative measures of resistance to Fe deficiency and for four classification variables thought 
to represent potential measures of resistance to Fe deficiency. These values were then 
correlated to determine genotypic rank corre lations among environments (Table 7).  
When genotypes were ranked using published visual chlorosis scores or in-field visual 
chlorosis scores, there was little association with measures of resistance to Fe deficiency. In 
contrast, when genotypes were ranked using planti ng seed [Fe] or planting seed Fe content, 
there often was a close association with measures of resistance to Fe deficiency. These 
generalizations, however, do not include Cr ookston, 2004 where IDC was especially severe 
and some genotypes barely survived. Nonetheless, planting seed [Fe] and content are 
substantially superior to measures of visual chlorosis for identifying consistent, reliable 
estimates of resistance to Fe deficiency (Fig. 10). The consistency and reliability of using seed 
[Fe] as a measure of resistance to Fe deficiency in soybean is further illustrated in the article 
written by Spehar (1994).  
Using results from this study of 45 cultivars of soybean grown on partly- and fully-limed 
acid soils in Brazil, it is possible to calculate a genotypic rank correlation coefficient 
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Fig. 9. Regression of varietal rank for visual chlorosis at V3 on varietal rank for published 
visual chlorosis score (VC) and planting seed [Fe]. 
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Fig. 10. Relationships between seed Fe content at harvest and four classification variables. 
Each regression equation is represented by the same symbol and line type for each 
environment in each panel:  filled circle, dott ed line is Fisher, MN, 2003; filled square, solid 
line is Ada, MN, 2003; open circle, short dash line is Crookston, MN, 2003; open square, long 
dash line is Crookston, MN, 2004. 
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Fig. 10. Relationships between seed Fe content at harvest and four classification variables. 
Each regression equation is represented by the same symbol and line type for each 
environment in each panel:  filled circle, dott ed line is Fisher, MN, 2003; filled square, solid 
line is Ada, MN, 2003; open circle, short dash line is Crookston, MN, 2003; open square, long 
dash line is Crookston, MN, 2004. 
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Fig. 11. Seed [Fe] determined from genotypes grown on fully-limed acid soils can be used to 
predict seed [Fe] of those same genotypes when grown on partly-limed soils (A); similarly, 
seed [Fe] determined from genotypes grown on partly-limed soils can be used to predict 
seed [Fe] of those same genotypes when grown on fully-limed soils (B). 
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Classification 
variable 

Measure of 
resistance 

Mean† 
Standard 
deviation ‡ 

Levene’s  
F§ 

Welch’s  F¶ 

Published visual 
chlorosis score 
(VC) 

ug Fe 1000-1 
seeds 

VC1=9.2
VC2=8.5 
VC3=8.6 
VC4=7.9 
VC5=7.3

VC1=9.2
VC2=8.5 
VC3=8.6 
VC4=7.9 
VC5=7.3

<1.0NS 2.36NS 

 ug Fe g-1 seed 

VC1=74.7
VC2=70.3 
VC3=64.7 
VC4=62.0 
VC5=59.8

VC1=19.3
VC2=20.2 
VC3=17.5 
VC4=14.9 
VC5=13.2

5.01** 3.66* 

 
Fe removal 
(ug Fe m-2) 

VC1=10.6
VC2= 9.5 
VC3= 8.2 
VC4= 6.6 
VC5= 6.0

VC1=3.7
VC2=3.7 
VC3=2.8 
VC4=2.0 
VC5=1.4

9.02** 12.68** 

Field visual 
chlorosis (V3) 

ug Fe 1000-1 
seeds 

V31=9.9
V32=8.0 
V33=8.5 
V34=8.2 
V35=7.9

V31=1.8
V32=2.5 
V33=2.4 
V34=1.8 
V35=2.3

3.16* 7.50** 

 ug Fe g-1 seed 

V31=82.8
V32=62.7 
V33=66.6 
V34=63.9 
V35=63.6 

V31=13.4
V32=20.5 
V33=20.1 
V34=14.3 
V35=13.6 

18.42** 14.71** 

 
Fe removal 
(ug Fe m-2) 

V31=5.6
V32=7.6 
V33=9.8 
V34=8.4 
V35=7.2

V31=0.4
V32=3.3 
V33=3.7 
V34=2.6 
V35=3.3

3.42** 21.87** 

Planting seed 
[Fe] (FC) 

ug Fe 1000-1 
seeds 

FC1=7.5
FC2=8.4 
FC3=8.4 
FC4=8.8 
FC5=9.4

FC1=2.2
FC2=2.3 
FC3=2.1 
FC4=2.4 
FC5=2.0

<1.0NS 2.89* 

 ug Fe g-1 seed 

FC1=55.6
FC2=64.5 
FC3=69.0 
FC4=72.2 
FC5=75.8

FC1=14.6
FC2=17.4 
FC3=18.2 
FC4=19.7 
FC5=18.6

1.88NS 7.16** 

 
Fe removal 
(ug Fe m-2) 

FC1=7.0 
FC2=7.9 
FC3=8.6 
FC4=9.5 
FC5=10.6 

FC1=2.4 
FC2=2.8 
FC3=3.5 
FC4=4.0 
FC5=3.5 

5.01** 4.24** 
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Fig. 11. Seed [Fe] determined from genotypes grown on fully-limed acid soils can be used to 
predict seed [Fe] of those same genotypes when grown on partly-limed soils (A); similarly, 
seed [Fe] determined from genotypes grown on partly-limed soils can be used to predict 
seed [Fe] of those same genotypes when grown on fully-limed soils (B). 
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Classification 
variable 

Measure of 
resistance 

Mean† 
Standard 
deviation ‡ 

Levene’s  
F§ 

Welch’s  F¶ 

Published visual 
chlorosis score 
(VC) 

ug Fe 1000-1 
seeds 

VC1=9.2
VC2=8.5 
VC3=8.6 
VC4=7.9 
VC5=7.3

VC1=9.2
VC2=8.5 
VC3=8.6 
VC4=7.9 
VC5=7.3

<1.0NS 2.36NS 

 ug Fe g-1 seed 

VC1=74.7
VC2=70.3 
VC3=64.7 
VC4=62.0 
VC5=59.8

VC1=19.3
VC2=20.2 
VC3=17.5 
VC4=14.9 
VC5=13.2

5.01** 3.66* 

 
Fe removal 
(ug Fe m-2) 

VC1=10.6
VC2= 9.5 
VC3= 8.2 
VC4= 6.6 
VC5= 6.0

VC1=3.7
VC2=3.7 
VC3=2.8 
VC4=2.0 
VC5=1.4

9.02** 12.68** 

Field visual 
chlorosis (V3) 

ug Fe 1000-1 
seeds 

V31=9.9
V32=8.0 
V33=8.5 
V34=8.2 
V35=7.9

V31=1.8
V32=2.5 
V33=2.4 
V34=1.8 
V35=2.3

3.16* 7.50** 

 ug Fe g-1 seed 

V31=82.8
V32=62.7 
V33=66.6 
V34=63.9 
V35=63.6 

V31=13.4
V32=20.5 
V33=20.1 
V34=14.3 
V35=13.6 

18.42** 14.71** 

 
Fe removal 
(ug Fe m-2) 

V31=5.6
V32=7.6 
V33=9.8 
V34=8.4 
V35=7.2

V31=0.4
V32=3.3 
V33=3.7 
V34=2.6 
V35=3.3

3.42** 21.87** 

Planting seed 
[Fe] (FC) 

ug Fe 1000-1 
seeds 

FC1=7.5
FC2=8.4 
FC3=8.4 
FC4=8.8 
FC5=9.4

FC1=2.2
FC2=2.3 
FC3=2.1 
FC4=2.4 
FC5=2.0

<1.0NS 2.89* 

 ug Fe g-1 seed 

FC1=55.6
FC2=64.5 
FC3=69.0 
FC4=72.2 
FC5=75.8

FC1=14.6
FC2=17.4 
FC3=18.2 
FC4=19.7 
FC5=18.6

1.88NS 7.16** 

 
Fe removal 
(ug Fe m-2) 

FC1=7.0 
FC2=7.9 
FC3=8.6 
FC4=9.5 
FC5=10.6 

FC1=2.4 
FC2=2.8 
FC3=3.5 
FC4=4.0 
FC5=3.5 

5.01** 4.24** 
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Classification 
variable 

Measure of 
resistance 

Mean† 
Standard 
deviation ‡ 

Levene’s  
F§ 

Welch’s  F¶ 

Planting seed Fe 
content (FS) 

ug Fe 1000-1 
seeds 

FS1=7.7
FS2=8.1 
FS3=8.6 
FS4=9.6 
FS5=10.1

FS1=2.0
FS2=2.4 
FS3=2.1 
FS4=2.6 
FS5=2.1

1.59NS 5.63** 

 ug Fe g-1 seed 

FS1=67.6
FS2=64.9 
FS3=68.0 
FS4=66.3 
FS5=71.8

FS1=18.4
FS2=18.4 
FS3=19.2 
FS4=17.1 
FS5=18.8

<1.0NS <1.0NS 

 
Fe removal (ug 
Fe m-2) 

FS1=8.4
FS2=8.0 
FS3=8.7 
FS4=8.3 
FS5=10.4

FS1=3.2
FS2=3.2 
FS3=3.5 
FS4=3.2 
FS5=3.3

<1.0NS 1.49NS 

Relative 
chlorophyll 
concentration 
SPAD (GC) 

ug Fe 1000-1 
seeds 

GC1=8.2
GC2=8.0 
GC3=9.0 
GC4=8.7 
GC5=9.9

GC1=2.2
GC2=2.3 
GC3=2.5 
GC4=2.2 
GC5=2.6

<1.0NS <1.0NS 

 ug Fe g-1 seed 

GC1=66.3
GC2=64.6 
GC3=69.3 
GC4=80.6 
GC5=80.0

GC1=17.7
GC2=18.3 
GC3=17.8 
GC4=20.6 
GC5=24.8

<1.0NS <2.45NS 

 
Fe removal (ug 
Fe m-2) 

GC1=8.4
GC2=8.0 
GC3=9.1 
GC4=10.9 
GC5=11.4

GC1=3.1
GC2=3.1 
GC3=3.8 
GC4=4.3 
GC5=4.7

1.77NS 1.65NS 

† Mean of resistance measure for each level of classification.  
‡ Standard deviation of resistance measure for each level of classification.  
§ Test to assess homogeneity of error variances across levels of classification 
¶ Test to assess the equality of classification means.  
NS, *, ** Not significant at 5% level of probability, signific ant at 5% level of probability, and significant at 
1% level of probability. 

Table 6. Classification of genotypes into 5 levels of selected plant traits thought to represent 
measures of resistance to Fe deficiency, defined as Fe accumulation (ug Fe 1000-1 seeds), 
harvest seed [Fe] (ug Fe g-1 seed), and Fe removal (ug Fe m-2). 

between partially- and fully-limed conditions  of  r=0 .686 (P<0.001) using nearly all 
genotypes. However, some genotypes were missing seed [Fe]s under one treatment or 
another and 7 cultivars were not included in  later calculations. Using 38 genotypes and 6 
seed [Fe] classes (5 ppm),  seed [Fe] on partly-limed soil could be predicted from seed [Fe] 
on fully-limed soil: linear, r 2=0.883, F=30.2** (Fig. 11, A). Using 38 genotypes and 6 seed [Fe] 
classes (10 ppm), seed [Fe] on fully-limed soil could be predicted from seed [Fe] on partly-
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limed soil: linear, r 2=0.860, F=24.5** (Fig. 11, B). Differences in class sizes (5 vs 10 ppm) are 
related to the range of seed [Fe] values observed for the independent variable. Nonetheless, 
the same genotypes usually were included in the same classes whether based on 5 or 10 
ppm, which led to nearly identical results. 
Presuming that seed [Fe] can be regarded as an integrated measure of resistance to Fe 
deficiency that is manifest at maturity, then Sp ehar’s data provides additional evidence that 
individual genotypes have a seed [Fe] “threshold” that is genetically predetermined, yet 
seldom exceeded, and that seed [Fe] should supplement or replace VCS as a measure of 
resistance to Fe deficiency.   
 

 Measures of resistance to Fe deficiency 

 Classification 
Harvest seed 

[Fe]
Harvest Fe 

content
Fe removal 

Environment variable (ug Fe g-1 seed) 
(ug Fe 1000-1

seeds)
(ug Fe m-2) 

  
Ada, 2003 VC† -0.2464* -0.2007NS -0.0254NS 

 V3 -0.0984NS -0.0137NS 0.1932NS 
 FE 0.4382** -0.2505* 0.3687** 
 FS 0.3454** 0.1730NS 0.3646** 
  

Crookston, 
2003 

VC -0.2214NS -0.0554NS 0.0186NS 

 V3 -0.3616** -0.3838** -0.1832NS 
 FE 0.5698** 0.4548** 0.4402** 
 FC 0.1701NS 0.4038** 0.2148NS 
  

Fisher, 2003 VC -0.1722NS -0.0659NS .‡ 

 V3 -0.0999NS 0.0722NS . 
 FE 0.3568** 0.0975NS . 
 FC 0.2468* -0.0057NS . 
  

Crookston, 
2004 

VC -0.1282NS 0.0320NS -0.0099NS 

 V3 -0.1158NS -0.0887NS -0.1048NS 
 FE 0.2211 NS -0.0298NS 0.0482NS 
 FC 0.0044NS -0.0950NS -0.0365NS 

† VC, V3, FE, and FC are published visual chlorosis score, in-field visual chlorosis score, planting seed 
[Fe], and planting seed Fe content. 
‡  Missing data. 

Table 7. Correlations among genotypes, across four environments, ranked on the basis of 
three measures of resistance to Fe deficiency and genotypes ranked on the basis of four 
classification variables though to represent potential measures of resistance to Fe deficiency.  

4. Conclusions 

Conclusions from the research discussed in this chapter are: (1) soybean seed [Fe] and/or 
seed Fe content provide reliable and consistent measures of genetic differences in resistance 
to Fe deficiency; (2) seed [Fe] is tightly controlled genetically; (3) it is not likely that 
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Classification 
variable 

Measure of 
resistance 

Mean† 
Standard 
deviation ‡ 

Levene’s  
F§ 

Welch’s  F¶ 

Planting seed Fe 
content (FS) 

ug Fe 1000-1 
seeds 

FS1=7.7
FS2=8.1 
FS3=8.6 
FS4=9.6 
FS5=10.1

FS1=2.0
FS2=2.4 
FS3=2.1 
FS4=2.6 
FS5=2.1

1.59NS 5.63** 

 ug Fe g-1 seed 

FS1=67.6
FS2=64.9 
FS3=68.0 
FS4=66.3 
FS5=71.8

FS1=18.4
FS2=18.4 
FS3=19.2 
FS4=17.1 
FS5=18.8

<1.0NS <1.0NS 

 
Fe removal (ug 
Fe m-2) 

FS1=8.4
FS2=8.0 
FS3=8.7 
FS4=8.3 
FS5=10.4

FS1=3.2
FS2=3.2 
FS3=3.5 
FS4=3.2 
FS5=3.3

<1.0NS 1.49NS 

Relative 
chlorophyll 
concentration 
SPAD (GC) 

ug Fe 1000-1 
seeds 

GC1=8.2
GC2=8.0 
GC3=9.0 
GC4=8.7 
GC5=9.9

GC1=2.2
GC2=2.3 
GC3=2.5 
GC4=2.2 
GC5=2.6

<1.0NS <1.0NS 

 ug Fe g-1 seed 

GC1=66.3
GC2=64.6 
GC3=69.3 
GC4=80.6 
GC5=80.0

GC1=17.7
GC2=18.3 
GC3=17.8 
GC4=20.6 
GC5=24.8

<1.0NS <2.45NS 

 
Fe removal (ug 
Fe m-2) 

GC1=8.4
GC2=8.0 
GC3=9.1 
GC4=10.9 
GC5=11.4

GC1=3.1
GC2=3.1 
GC3=3.8 
GC4=4.3 
GC5=4.7

1.77NS 1.65NS 

† Mean of resistance measure for each level of classification.  
‡ Standard deviation of resistance measure for each level of classification.  
§ Test to assess homogeneity of error variances across levels of classification 
¶ Test to assess the equality of classification means.  
NS, *, ** Not significant at 5% level of probability, signific ant at 5% level of probability, and significant at 
1% level of probability. 

Table 6. Classification of genotypes into 5 levels of selected plant traits thought to represent 
measures of resistance to Fe deficiency, defined as Fe accumulation (ug Fe 1000-1 seeds), 
harvest seed [Fe] (ug Fe g-1 seed), and Fe removal (ug Fe m-2). 

between partially- and fully-limed conditions  of  r=0 .686 (P<0.001) using nearly all 
genotypes. However, some genotypes were missing seed [Fe]s under one treatment or 
another and 7 cultivars were not included in  later calculations. Using 38 genotypes and 6 
seed [Fe] classes (5 ppm),  seed [Fe] on partly-limed soil could be predicted from seed [Fe] 
on fully-limed soil: linear, r 2=0.883, F=30.2** (Fig. 11, A). Using 38 genotypes and 6 seed [Fe] 
classes (10 ppm), seed [Fe] on fully-limed soil could be predicted from seed [Fe] on partly-
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limed soil: linear, r 2=0.860, F=24.5** (Fig. 11, B). Differences in class sizes (5 vs 10 ppm) are 
related to the range of seed [Fe] values observed for the independent variable. Nonetheless, 
the same genotypes usually were included in the same classes whether based on 5 or 10 
ppm, which led to nearly identical results. 
Presuming that seed [Fe] can be regarded as an integrated measure of resistance to Fe 
deficiency that is manifest at maturity, then Sp ehar’s data provides additional evidence that 
individual genotypes have a seed [Fe] “threshold” that is genetically predetermined, yet 
seldom exceeded, and that seed [Fe] should supplement or replace VCS as a measure of 
resistance to Fe deficiency.   
 

 Measures of resistance to Fe deficiency 

 Classification 
Harvest seed 

[Fe]
Harvest Fe 

content
Fe removal 

Environment variable (ug Fe g-1 seed) 
(ug Fe 1000-1

seeds)
(ug Fe m-2) 

  
Ada, 2003 VC† -0.2464* -0.2007NS -0.0254NS 

 V3 -0.0984NS -0.0137NS 0.1932NS 
 FE 0.4382** -0.2505* 0.3687** 
 FS 0.3454** 0.1730NS 0.3646** 
  

Crookston, 
2003 

VC -0.2214NS -0.0554NS 0.0186NS 

 V3 -0.3616** -0.3838** -0.1832NS 
 FE 0.5698** 0.4548** 0.4402** 
 FC 0.1701NS 0.4038** 0.2148NS 
  

Fisher, 2003 VC -0.1722NS -0.0659NS .‡ 

 V3 -0.0999NS 0.0722NS . 
 FE 0.3568** 0.0975NS . 
 FC 0.2468* -0.0057NS . 
  

Crookston, 
2004 

VC -0.1282NS 0.0320NS -0.0099NS 

 V3 -0.1158NS -0.0887NS -0.1048NS 
 FE 0.2211 NS -0.0298NS 0.0482NS 
 FC 0.0044NS -0.0950NS -0.0365NS 

† VC, V3, FE, and FC are published visual chlorosis score, in-field visual chlorosis score, planting seed 
[Fe], and planting seed Fe content. 
‡  Missing data. 

Table 7. Correlations among genotypes, across four environments, ranked on the basis of 
three measures of resistance to Fe deficiency and genotypes ranked on the basis of four 
classification variables though to represent potential measures of resistance to Fe deficiency.  

4. Conclusions 

Conclusions from the research discussed in this chapter are: (1) soybean seed [Fe] and/or 
seed Fe content provide reliable and consistent measures of genetic differences in resistance 
to Fe deficiency; (2) seed [Fe] is tightly controlled genetically; (3) it is not likely that 
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susceptible genotypes will accumulate high seed [Fe] even when excess Fe is available; (4) 
seed [Fe] or content at harvest, more so than VCS, can also reflect responses to management 
practices designed to reduce or alleviate Fe deficiency; (5) when soybean is grown on 
chlorosis-prone soils, increasing seeding density can markedly increase grain yield and seed 
[Fe] of both susceptible and resistant cultivars, whereas applying higher rates of  Fe-
EDDHA especially benefits susceptible cultivars; (6) increasing rates of added fertilizer 
nitrate have little influence on Fe deficiency of  resistant cultivars, but severely depress plant 
height,  grain yield and harvest seed [Fe] of susceptible cultivars; (7) genotypic rank 
correlations of visual chlorosis scores across locations within a year are reasonably 
consistent and reliable; however, rank correlations across years are not; (8) classifying 
genotypes using VCS can result in heterogeneous class variances indicating that VCSs may 
not be appropriate (consistent, reliable) measures of Fe efficiency; (9) measures of genetic 
resistance to Fe deficiency should include measures of seed [Fe] or content; and (10) the slow 
improvement in genotypic resistance to Fe deficiency may be related to the plant trait used 
to measure resistance. 
Seed [Fe] is very useful for identifying su perior genotypes in management and agronomic 
performance trials; it also provides a consistent, reliable estimate of resistance to Fe 
deficiency, thereby enhancing genotype selection.  
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susceptible genotypes will accumulate high seed [Fe] even when excess Fe is available; (4) 
seed [Fe] or content at harvest, more so than VCS, can also reflect responses to management 
practices designed to reduce or alleviate Fe deficiency; (5) when soybean is grown on 
chlorosis-prone soils, increasing seeding density can markedly increase grain yield and seed 
[Fe] of both susceptible and resistant cultivars, whereas applying higher rates of  Fe-
EDDHA especially benefits susceptible cultivars; (6) increasing rates of added fertilizer 
nitrate have little influence on Fe deficiency of  resistant cultivars, but severely depress plant 
height,  grain yield and harvest seed [Fe] of susceptible cultivars; (7) genotypic rank 
correlations of visual chlorosis scores across locations within a year are reasonably 
consistent and reliable; however, rank correlations across years are not; (8) classifying 
genotypes using VCS can result in heterogeneous class variances indicating that VCSs may 
not be appropriate (consistent, reliable) measures of Fe efficiency; (9) measures of genetic 
resistance to Fe deficiency should include measures of seed [Fe] or content; and (10) the slow 
improvement in genotypic resistance to Fe deficiency may be related to the plant trait used 
to measure resistance. 
Seed [Fe] is very useful for identifying su perior genotypes in management and agronomic 
performance trials; it also provides a consistent, reliable estimate of resistance to Fe 
deficiency, thereby enhancing genotype selection.  
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1. Introduction 

The change from vegetative to reproductive grow th is a critical developmental transition in 
the life of plants. Various extern al cues, such as photoperiod and temperature, are known to 
initiate plant flowering under the appropriate seasonal conditions. Endogenous cues include 
a system of juvenile to adult transition that affects competence to flower. To understand the 
molecular mechanism of flowering, extensive studies have been performed using model 
plants, Arabidopsis thaliana and rice (Oryza sativa), and these have revealed the numerous 
regulatory network components associated wi th flowering (Jung & Muller, 2009; Amasino, 
2010). The general concept of the photoperiodic induction of flowering (photoperiodism) 
and the range of response types among plant species was established by Garner and Allard 
(1920). Among the external cues, light is the most important, being received by several 
photoreceptors including phytochromes, cryp tochromes and phototropins. The role of 
phytochromes, that is the R-light- and FR-light - absorbing photoreceptors, in flowering has 
been investigated in several plant species. In Arabidopsis, a quantitative long-day (LD) plant, 
a phyA mutant flowered later in either long-day or short-day (SD) conditions with a night 
break (Johnson et al., 1994; Reed et al., 1994). In rice, a SD plant, the phyA monogenic 
mutant exhibited the same flowering time as th e wild type under LD conditions, while, in 
the phyB and phyC mutant backgrounds, the fl owering was greatly accelerated relative to 
phyB and phyC monogenic mutants (Takano et al., 2005). In pea, a LD plant, loss- or gain-
of-function phyA mutants displayed late or early flowering phenotypes, respectively 
(Weller et al., 1997, 2001). Day length is found to be perceived by leaves by Knott (1934). 
Because flowering occurs in the shoot apical meristem (SAM), the leaves must transmit a 
signal to the SAM and this signal is referred to as florigen (Chailakhyan, 1936). In 
Arabidopsis, three genes, CONSTANS (CO), GIGANTEA (GI) and FLOWERING LOCUS T 
(FT) were found to be involved in the production  of a flowering promoter in LD conditions 
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1. Introduction 

The change from vegetative to reproductive grow th is a critical developmental transition in 
the life of plants. Various extern al cues, such as photoperiod and temperature, are known to 
initiate plant flowering under the appropriate seasonal conditions. Endogenous cues include 
a system of juvenile to adult transition that affects competence to flower. To understand the 
molecular mechanism of flowering, extensive studies have been performed using model 
plants, Arabidopsis thaliana and rice (Oryza sativa), and these have revealed the numerous 
regulatory network components associated wi th flowering (Jung & Muller, 2009; Amasino, 
2010). The general concept of the photoperiodic induction of flowering (photoperiodism) 
and the range of response types among plant species was established by Garner and Allard 
(1920). Among the external cues, light is the most important, being received by several 
photoreceptors including phytochromes, cryp tochromes and phototropins. The role of 
phytochromes, that is the R-light- and FR-light - absorbing photoreceptors, in flowering has 
been investigated in several plant species. In Arabidopsis, a quantitative long-day (LD) plant, 
a phyA mutant flowered later in either long-day or short-day (SD) conditions with a night 
break (Johnson et al., 1994; Reed et al., 1994). In rice, a SD plant, the phyA monogenic 
mutant exhibited the same flowering time as th e wild type under LD conditions, while, in 
the phyB and phyC mutant backgrounds, the fl owering was greatly accelerated relative to 
phyB and phyC monogenic mutants (Takano et al., 2005). In pea, a LD plant, loss- or gain-
of-function phyA mutants displayed late or early flowering phenotypes, respectively 
(Weller et al., 1997, 2001). Day length is found to be perceived by leaves by Knott (1934). 
Because flowering occurs in the shoot apical meristem (SAM), the leaves must transmit a 
signal to the SAM and this signal is referred to as florigen (Chailakhyan, 1936). In 
Arabidopsis, three genes, CONSTANS (CO), GIGANTEA (GI) and FLOWERING LOCUS T 
(FT) were found to be involved in the production  of a flowering promoter in LD conditions 
(Koornneef et al., 1991; Kardailsky et al., 1999). FT protein is now known to be florigen, and 
CO and GI are key players in the activation of FT expression. CO is a zinc-finger protein that 
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functions as a transcription factor (Putterill et al., 1995), and GI is a large protein involved in 
circadian clock function (Fowler et al., 1999; Park et al., 1999). FT is a small protein with 
some resemblance to RAF kinase inhibitors (Kardailsky et al., 1999; Kobayashi et al., 1999) 
that is produced in leaves and moves to the SAM (Corbesier et al., 2007; Jaeger & Wigge, 
2007; Mathieu et al., 2007; Tamaki et al., 2007; Notaguchi et al., 2008). The rice orthologs of 
Arabidopsis CO and FT genes, Heading date 1 (HD1) and Heading date 3a (Hd3a), respectively, 
have been identified (Yano et al., 2000; Kojima et al., 2002; Hayama et al., 2003). The 
promotion of flowering in Arabidopsis in LD conditions results from activation of FT by CO, 
while the delay in flowering in rice in LD  conditions results from repression of Hd3a by Hd1 
(Izawa et al., 2000; Kojima et al., 2002; Roden et al., 2002; Hayama et al., 2003). A CO/ FT 
module is likely to be conserved througho ut the plant kingdom. CYCLING DOF FACTORS 
(CDFs) exhibit circadian cycling and bind to CO promoter and repress CO expression. The 
abundance of CDFs is controlled by FLAVIN-BINDING, KELCH REPEAT, F-BOX 
PROTEIN1 (FKF1) that appears to be involved in the ubiquitin-mediated degradation of 
CDFs. GI protein physically interacts wi th FKF1 and stabilizes it promoting CDF 
degradation and subsequent CO expression (Imaizumi et al., 2005.; Sawa et al., 2007; 
Fornara and Coupland, 2009; Imaizumi, 2009). Despite the conserved functions of FT 
orthologs, their expression may be controlled by  different systems in different species. Non-
CO/ FT pathways have been proposed for several plants, such as morning glory (Pharbitis 
nil ) (Hayama et al., 2007) and tomato (Ben-Naim et al., 2006; Lifschitz et al., 2006). In rice, 
Early heading date 1 (Ehd1) has been found to promote flowering by inducing FT-like gene 
expression only under SD conditions independently of Hd1 (Doi et al., 2004). There is no 
Ehd1 ortholog in Arabidopsis. 
Soybean is a typical SD plant whose photoperiodic sensitivity was discovered by Garner 
and Allard in 1920. Compared to the model plants, photoperiodic control of flowering in 
soybean is far less understood. The eight loci, E1 to E8, conditioning flowering has been 
genetically identified (Bernard, 1971; Buzzel, 1971; Buzzel and Voldeng, 1980; McBlain and 
Bernard, 1987; Bonato and Vello, 1999; Cober and Voldeng, 2001; Cober et al., 2010). At each 
of these loci, two alleles have been identified, and except for E6, the recessive alleles at the E 
loci condition early flowering under both LD and SD conditions. The partially dominant 
alleles at the E loci delay flowering under LD conditions. Near-isogenic lines (NILs) for E 
loci have been developed and used for studies to elucidate the flowering in soybean (Saidon 
et al., 1989a,b; Upadhyay et al., 1994a,b; Cober et al., 1996a). Among these E loci, E1, E3, E4 
and E7 are known to be involved in the response to the phtoperiod (Buzzell, 1971; Buzzell 
and Voldeng, 1980; McBlain et al., 1987; Cober et al., 1996b; Cober and Voldeng, 2001; Abe et 
al., 2003). The E3 locus was first identified with the us e of fluorescent lamps to extend day 
length. The e3e3 recessive homozygote can initiate flowering under LD conditions where the 
day length was extended to 20 hr using fluorescent lamps (FLD) with a high red to far-red 
(R: FR) ratio (Buzzell, 1971). The E4 locus was identified by extending the natural day length 
to 20 hr with incandescent lamps with a lo w R: FR ratio (Buzzell and Voldeng, 1980). The 
insensitivity of e4e4 genotype to LD conditions with a low R: FR ratio is necessary of e3e3 
background (Buzzell and Voldeng, 1980; Saindon et al., 1989b; Cober et al. 1996b). The E1 
and E7 loci are involved in the control of insensit ivity to artificially induced LD conditions 
in the e3 and e4 backgrounds (Cober et al., 1996b; Cober and Voldeng 2001). Of the known E 
loci, the E1 locus is considered to have the largest effect on time to flowering under field 
conditions (Stewart et al., 2003).  
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Flowering time is a very important trait which is related to productivity, adaptability and 
domestication. Soybean breeders have attempted to modify flowering and maturity to 
expand growing areas for soybean. Molecular identification of E loci and flowering network 
of soybean is useful for efficient breeding to control adaptability and increase yield of 
soybean. We have identified flowering-time quantitative loci (QTL), FT1, FT2 and FT3, and 
found to correspond to E1, E2 and E3, respectively (Yamanaka et al., 2001). We successfully 
identified the responsible genes for the E1 (Xia et al., unpublished), E2 (Watanabe et al., 
2009) and E3 (Watanabe et al., in press) by positional cloning strategy. In this chapter, we 
will describe the process of identifica tion of responsible genes for the E1, E2 and E3 loci with 
variation of alleles and propose a tentative major flowering time pathway in soybean. 

2. Strategy for fine mapping and positional cloning 

As flowering time is a quantitative trait, we employed QTL analysis (Tanksley, 1993) to 
dissect the genetic factors for flowering time into individual components by using 
recombinant inbred lines (RIL) derived from  Misuzudaizu, a Japanese variety, and 
Moshidou Gong 503, a weedy line from China. To identify th e underlying molecular basis 
for each QTL, map-based cloning method was performed because molecular or biochemical 
information for soybean flowering was very few or totally not availabl e. Although NILs are 
usually used for fine mapping of each QTL, developing NILs is time-consuming and 
laborious process especially in soybean. Alternatively, we have proposed fine mapping 
using residual heterozygous lines (RHLs) (Yamanaka et al., 2005). An RHL selected from an 
RIL population harbors a heterozygous region where the target QTL is located but contains 
a homozygous background for most other regions of the genome. The progenies of the RHL 
are expected to show a simple phenotypic segregation based on the effects of the target QTL 
at the heterozygous region (Fig. 1). A similar term, heterogeneous inbred family (HIF), was 
used by Tuinstra et al. (1997) to identify the QTL associated with seed weight in sorghum. 
The RHL strategy has already been used to identify loci underlying pathogen resistance in 
soybean (Njiti et al., 1998; Meksem et al., 1999; Triwitayakorn et al., 2005). Genotypes of a 
trait in recombinants identified  in the progenies of RHL, could be determined in the next 
generation. 
The probability of discovering RHLs for a target QTL depends on the heterozygosity ratio in 
a population and the size of the population. If p is the ratio of hetrozygosity of any 
population with size n, then the probability of detecting k individuals with a heterozygous 
genotype is supposed as nCk pk (1-p)n-k based on a binomial distribution. In the case of an F7 
generation of RILs, the ratio of heterozygosity (p) is 0.0156 and with a population size of 200 
(n), the probability of detecting at least one RHL is more than 0.95. We propose that QTL 
analysis using the F6-F8 RIL population in combination with the RHL strategy is useful for 
dissecting genetic factors for an agronomic trait into each QTL where the homozygous ratio 
is sufficiently high to evaluate traits with replication and the heterozygosity ratio is not so 
low and will allow the identification of a sufficient number of RHLs. 
In progenies of an RHL, we can identify NILs for the target QTL. New DNA markers in the 
heterozygous region were developed using NILs, bulked segregant analysis (BSA) in 
progenies of the RHL, and sequences of bacterial artificial chromosome (BAC) clones covering 
the target QTL. We usually developed amplif ied fragment length polymorphism (AFLP), 
simple sequence repeat (SSR) and sequence characterized amplified region (SCAR) markers. 
Genetic analyses of flowering phenotypes and DNA markers were performed in the  
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Fig. 1. A schematic representation of RHL. An RHL harbors a heterozygous region where 
the target QTL is located but contains a homozygous background for most other regions of 
the genome. Meshed circles show heterozygous individuals. 
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Fig. 2. A procedure for seed genotyping. 
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progenies of RHLs with a large population. Re combinants of DNA markers were identified 
in the population and the geno types of flowering time of recombinants were confirmed by 
progeny test. The cosegragated region of DNA markers with genotypes of flowering time, 
and BAC contig covering the region were identi fied. Sequencing of BAC clones covering the 
target region and annotation of sequences were performed. Confirmation of a candidate 
gene was carried out by association of phenotypes and sequence polymorphism of several 
alleles and gene disruption by induced mutation. 
Population size of progenies of RHL for fine  mapping depends on recombination frequency, 
that is, the position of a QTL. We usually used about 1,000 individuals but more than 10,000 
plants are necessary when the target locus is located in the peri-centromeric or centromeric 
region. For high throughput genotyping, the co tyledon flour was obtained by drilling a hole 
on the surface of seed without any damage to the embryonic axis (Fig. 2). The initially 
drilled material was discarded to eliminate an y possible contamination from the seed coat. 
Collected materials were transferred into wells  in 384-well plate. The drill and tube were 
cleaned by air flow.  

3. Positional cloning of the responsible genes for the E1, E2 and E3 loci 

A population of 156 RILs (F8:10) derived from a cross between Misuzudaizu and Moshidou 
Gong 503 was used for QTL analysis of flowering. Three QTLs for flowering time, FT1, FT2 
and FT3 were identified at LG C2 (Chr. 6), LG O (Chr. 10) and LG L (Chr. 19), respectively 
(Fig. 3). The FT1, FT2 and FT3 were considered to correspond to E1, E2, E3, respectively, 
based on their map positions (Yamanaka et al., 2001; Watanabe et al., 2004). The late-
flowering alleles FT1, FT2 and FT3 are partially dominant over the early-flowering alleles, 
ft1, ft2 and ft3, respectively. Misuzudaizu harbored  the late-flowering allele of the FT1 and 
FT3 loci, whereas Moshidou Gong 503 carried the late-flowering alleles of the FT2 locus. 

3.1 Positional cloning of the responsible gene for the E2 locus  
The line RIL6-8 was found to be heterozygous for the FT2 locus and was designated as RHL6-8 
(Fig. 4). DNA marker analysis showed that RHL6-8 harbored a heterozygous region covering 
approximately 10 cM including the FT2 locus. The RHL6-8 generated NILs6-8-FT2 and –ft2 
among its progenies. Using BSA, a polymorphic AFLP marker, E7M19, was detected between 
the early-flowering bulk and late-flowering bulk  derived from the prog eny of RHL6-8. This 
marker was located close to the LOD peak position of the QTL assigned FT2 (Fig. 5). We 
developed additional DNA markers tightly linked to the FT2  locus using NILs6-8. Among the 
products amplified from all possible 4,096 primer pair combinations, only five polymorphic 
bands showed constant polymorphism between the contrasting genotypes of FT2/ FT2 and 
ft2/ ft2 in NILs6-8. These polymorphic bands were excised from the gel, sequenced and 
converted to SCAR markers. Three SCAR markers, originating from five AFLP bands, were 
developed and used for screening of 10 BAC clones from two independent BAC libraries. A 
contig covering the FT2 region was constructed based on the results of PCR analysis using the 
BAC end sequences. Five of the 10 BAC clones were then subjected to shotgun sequence 
analysis. Each BAC clone was separately analyzed and assembled, and the sequence 
information then combined using overlapping sequ ences. The total length covered by the five 
clones was approximately 430 Kb. A total of three DNA markers, including one AFLP-derived 
marker (marker 2) and two PCR-based markers developed from BAC sequences (markers 1 
and 3), were used in the fine mapping to minutely restrict the FT2 locus (Table 1). The 
positions of these markers are shown in Fig. 6. 
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gene was carried out by association of phenotypes and sequence polymorphism of several 
alleles and gene disruption by induced mutation. 
Population size of progenies of RHL for fine  mapping depends on recombination frequency, 
that is, the position of a QTL. We usually used about 1,000 individuals but more than 10,000 
plants are necessary when the target locus is located in the peri-centromeric or centromeric 
region. For high throughput genotyping, the co tyledon flour was obtained by drilling a hole 
on the surface of seed without any damage to the embryonic axis (Fig. 2). The initially 
drilled material was discarded to eliminate an y possible contamination from the seed coat. 
Collected materials were transferred into wells  in 384-well plate. The drill and tube were 
cleaned by air flow.  

3. Positional cloning of the responsible genes for the E1, E2 and E3 loci 

A population of 156 RILs (F8:10) derived from a cross between Misuzudaizu and Moshidou 
Gong 503 was used for QTL analysis of flowering. Three QTLs for flowering time, FT1, FT2 
and FT3 were identified at LG C2 (Chr. 6), LG O (Chr. 10) and LG L (Chr. 19), respectively 
(Fig. 3). The FT1, FT2 and FT3 were considered to correspond to E1, E2, E3, respectively, 
based on their map positions (Yamanaka et al., 2001; Watanabe et al., 2004). The late-
flowering alleles FT1, FT2 and FT3 are partially dominant over the early-flowering alleles, 
ft1, ft2 and ft3, respectively. Misuzudaizu harbored  the late-flowering allele of the FT1 and 
FT3 loci, whereas Moshidou Gong 503 carried the late-flowering alleles of the FT2 locus. 

3.1 Positional cloning of the responsible gene for the E2 locus  
The line RIL6-8 was found to be heterozygous for the FT2 locus and was designated as RHL6-8 
(Fig. 4). DNA marker analysis showed that RHL6-8 harbored a heterozygous region covering 
approximately 10 cM including the FT2 locus. The RHL6-8 generated NILs6-8-FT2 and –ft2 
among its progenies. Using BSA, a polymorphic AFLP marker, E7M19, was detected between 
the early-flowering bulk and late-flowering bulk  derived from the prog eny of RHL6-8. This 
marker was located close to the LOD peak position of the QTL assigned FT2 (Fig. 5). We 
developed additional DNA markers tightly linked to the FT2  locus using NILs6-8. Among the 
products amplified from all possible 4,096 primer pair combinations, only five polymorphic 
bands showed constant polymorphism between the contrasting genotypes of FT2/ FT2 and 
ft2/ ft2 in NILs6-8. These polymorphic bands were excised from the gel, sequenced and 
converted to SCAR markers. Three SCAR markers, originating from five AFLP bands, were 
developed and used for screening of 10 BAC clones from two independent BAC libraries. A 
contig covering the FT2 region was constructed based on the results of PCR analysis using the 
BAC end sequences. Five of the 10 BAC clones were then subjected to shotgun sequence 
analysis. Each BAC clone was separately analyzed and assembled, and the sequence 
information then combined using overlapping sequ ences. The total length covered by the five 
clones was approximately 430 Kb. A total of three DNA markers, including one AFLP-derived 
marker (marker 2) and two PCR-based markers developed from BAC sequences (markers 1 
and 3), were used in the fine mapping to minutely restrict the FT2 locus (Table 1). The 
positions of these markers are shown in Fig. 6. 
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Fig. 3. QTLs for flowering time identified in the RIL population. PVE:  phenotypic variance 
explained by each QTL. 
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Fig. 4. Graphical genotype of RHL6-8. Solid bars, open bars and meshed bar indicate 
Misuzudaizu homozygous, Moshidou Gong homozygous genotypes and heterozygous 
genotype, respectively. 
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Fig. 5. QTL analysis for the FT2 locus in the RIL populati on. The LOD scores for the FT2 
locus calculated by composite interval mapping and displayed in the left panel. DNA 
markers closely linked to the FT2 locus are shown in the right panel. 

A population consisting of 888 plants, derived from several RHL6-8 plants, was used for fine 
mapping of the FT2 locus. Recombination between in this region was found in 21 plants 
among 843 plants. The remaining 45 individuals were omitted from the analysis because of 
missing data for phenotypes or genotypes. The number of FT2 homozygous late-flowering 
genotypes (n=213), heterozygous (n=420), and ft2 homozygous early-flowering genotypes 
(n=210) fitted well with a 1: 2: 1 segregation ratio. The additive effect and dominant effect of 



 
Soybean – Genetics and Novel Techniques for Yield Enhancement 

 

56

A1
A487

Satt276

Satt155

Satt356

K400

Satt619
Satt545
AG50

K636

Satt599
GM254

Satt174

bc

Satt236

GMS016

A2
A170

A104
E8M18mo250

Satt589
A085

seedcol

Satt187
A486

A111

Sat115

Satt377

A117
A096
Satt327
Satt329
A690
E8M18mi2000
GM026

A505
E8M31mi1500

K644b
Satt409

Satt378

GMS116

B1
K417a
K069b
A588

Satt251

A132b
Satt197

A520

Satt597

GM199

Satt430
Satt332
E12M24Mi150BD
Satt415

Satt359

Satt453

A567
E8M31co760

B2
A685b

E4M23mo400
A343a

A352
E16M23mo150

Satt168

A584
Sat_362

E14M18mi120
K390b
A636

B124b

E12M24co470

A519
Satt527

B221

C1
Sct186
AC47
GM192
Q028

A130

K300

k138CT25

Sat_322

GM063
Satt399
Satt357
E4M21mo250
E7M19mo160
Satt476
Satt294
Sat_207b
Sat_311
Sct_191

Satt164
GM222a

C2
A121

A122

A059

Satt432
Satt281
Satt520

E4M21co340
Satt422
A655
Satt457

A063
Sat_207a
A635
Satt363
Satt286
Satt277
�7
Satt365
Satt557
Satt658
GmN93
Satt489
Satt100
E8M18Mo1000A
Satt708
Sat_238
A538a
A748
osppcr

A703a
GM118

A676
Satt357

D1a
Satt071

GM085b

Satt370
A747c

A315
Satt179
Q008b

B214a
A691

A841

A398

D1b
Sat_096
A481

A725

Satt216

CENa

Satt157

Satt296

Satt266

A747a
Satt290
Satt611

A593
A516
A234
Satt703

Satt202
B142

Sat289b

D2
GM209a
Satt006
GM060

GM183

A124

Satt135

Satt372

Satt665
Satt669
Satt397

GM128

E4M21mi420
Satt355
A469
Satt301

Satt310

Asnase

A230

E
Q015

Satt384

Satt212

A374

A203
A078

A975

A086

A454

Sat_380

E7M19mo700
E6M22co400
Satt263
GM252
B212
GMS008
A136

A711
Satt231

F
Satt395

GM072

Satt554

Satt072

K644a
A186
GM233

E12M24Mi550D

E14M18M230D

FLOWER.C

GM162

GM022
GM009
Satt146
GMS101

G
E8M18co200

Satt038
B053
Satt309

Satt235
Satt324
K069

A112

E12M24mi260
Satt594
Satt427
A458a
A638
cta
A073
A404a

Satt503

Satt472

Sat117

A378

A586

A681

H
pep7

A858a

A685a

A131
A703b

A036

A262

A132a
A381

Satt666

A668a

I
Satt587

GM222b

Satt367

Satt127
Satt239

GM106

GM126

Satt354

GM225

arpha

Satt162

Satt148
Q020

A878

J
AG45
E4M23mi100

Q002
A459
K102
Sct_065
GM087a
GM168
A538c
B122

A523
CENb

K375

K
GM035b

Sat119

PHYBa

A656
GmDGAT
Satt518
Satt381

E4M21mi900
GM055b
E7M19mi200
Satt673
GM195

K003

A668c

A235
GM099
BCCP
K390a

L
A257
A169

GMS018
GM251
E16M23co1200
GM017
E3M26mi260
B124a
B046a

GM041

Satt156
GM267

Sat_113
Satt448
Satt166

Dt1

Sat_286
Sat_184
Satt664

A489
Satt229
GM043
E6M22mi400
GM120a

Satt513
Satt373

Sat_245

M
GM035a

Satt308

GM209b

Satt210
Satt346
Satt250

A715

Satt702
Satt323
Satt626
A946
Satt463

GM260

Satt435

Sat289a
Sat_316
Satt201

Satt636
Satt404

N
A071a

A006

GM073

Sat033

Satt549
Q006
Satt237
Q026
Sat_304

M6_31

K494b
GM134
GM120b

Satt410
E3M26co350

O
Satt358

SDS.A5

GM214b

Satt385
Satt173

Satt478

Satt477

Satt592
Satt331

Satt581

E7M19Mo190D
K138GA26
Satt153

FT1: PVE 60-70%
FT2: PVE 10-12%

FT3: PVE -5%

 
Fig. 3. QTLs for flowering time identified in the RIL population. PVE:  phenotypic variance 
explained by each QTL. 
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Fig. 4. Graphical genotype of RHL6-8. Solid bars, open bars and meshed bar indicate 
Misuzudaizu homozygous, Moshidou Gong homozygous genotypes and heterozygous 
genotype, respectively. 
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Fig. 5. QTL analysis for the FT2 locus in the RIL populati on. The LOD scores for the FT2 
locus calculated by composite interval mapping and displayed in the left panel. DNA 
markers closely linked to the FT2 locus are shown in the right panel. 

A population consisting of 888 plants, derived from several RHL6-8 plants, was used for fine 
mapping of the FT2 locus. Recombination between in this region was found in 21 plants 
among 843 plants. The remaining 45 individuals were omitted from the analysis because of 
missing data for phenotypes or genotypes. The number of FT2 homozygous late-flowering 
genotypes (n=213), heterozygous (n=420), and ft2 homozygous early-flowering genotypes 
(n=210) fitted well with a 1: 2: 1 segregation ratio. The additive effect and dominant effect of 
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this QTL were estimated to be -5.17 days and 0.57 days, respectively. The ratio of genetic 
variance explained by the FT2 locus accounted for 87.9 % of the total variance, indicating that 
the variation observed in this population was la rgely controlled by the single QTL effect. The 
genotypes of the selected 3 markers and flowering genotypes confirmed by progeny test are 
shown in Fig. 6. The genotypes of marker 2 cosegregated with flowerin g genotypes indicating 
that the QTL was close to this marker. Among the recombinants, line 6-8_501 rec had a 
recombination point between marker 1 and mark er 2. Another lines, 6-8_452rec_A, 528rec_B 
and 6-8_120 rec, generated a recombination between marker 2 and marker 3. Marker 1 and 3 
originated from the end sequences of a BAC clone MiB300H01. Considering the recombination 
points in each line and their flowerin g genotypes, this indicated that the FT2 locus was 
restricted to the single BAC clone, MiB300H01. To identify the responsible gene for this QTL, 
the nucleotide sequence of this BAC clone was determined. 
 

 
Table 1. List of DNA markers used for fine mapping of the FT2 locus. 
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Fig. 6. Fine mapping of the FT2 locus. The genotypes of each DNA marker of recombinants 
are shown in the left panel and segregation of flowering in the progenie s is displayed in the 
right panel at the bottom of the figure. The interquatile region, median, and range are 
indicated by a box, vertical line, and horizontal line, respectively. 

In the 94 Kb sequence of MiB300H01, nine annotated genes were predicted. One of these 
genes, Glyma 10g36600 (assigned in phytozome ver. Glyma 1.0 http:// 
www.phytozome.net/), with a hi gh level of similarity to GIGANTEA (GI ) gene, was 

Marker name Type of marker Clone name Direction Sequence (5'-3')
Marker 1 BAC end GMJMiB300H01RV Fw CATAGCCGACCTTCTCCAAA 44,787,669

Rv AGCCCAATATGGCAGCATAC 44,787,287
AFLP(SCAR) E60M38 Fw CAGTGTTCGCCAGGCTTAGT 44,726,500

Rv GCTTGGGTAAACATCCCAAA 44,726,011
Marker 3 BAC end GMJMiB300H01fw Fw GAGAGCAGGGTTATTGGATGA 44,696,157

Rv GCCACTGTGCCACATTACAC 44,696,810

b) Physical position at Gm10 in Glyma1.0 (http://w w w .phytozome.net/).

Glyma1.0 (Gm10) b

Marker 2 a

a) The digestion w ith the restriction enzyme EcoRI w as needed to detect polymorphism. 
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considered a strong candidate for the FT2 locus. We isolated the complete predicted coding 
region using an RNA sample extracted from leaves of NILs6-8-FT2. We refer to this gene as 
GmGIa, since another GI gene, GmGIb, was also obtained from the same RNA sample. The 
coding sequence of GmGIa-Mo from Moshidou Gong 503 was extended to a 20Kb genomic 
region and contained 14 exons (Fig. 7A). Marker 2, which cosegragated with the FT2 
genotypes and originated from the AFLP mark er, E60M38, was located in the 5th intron 
(Fig. 7). Compared to GmGIa-Mo, the Misuzudaizu early flowering allele, GmGIa-Mi, 
showed four single nucleotide polymorphisms (SNPs) in its coding sequence. One of these 
SNPs, detected in the 10th exon, introduced a premature stop codon mutation that led to a 
truncated 521 amino acids GI protein in the GmGIa-Mi allele (Fig. 7B). This stop codon 
mutation was considered a candidate for a functional nucleotide  polymorphism in GmGIa . A 
derived amplified polymorphic sequence (dCAPs) marker was developed to examine the 
identity of this stop codon mutation in  other NILs originating from Harosoy ( e2/ e2). The 
genotypes of all NILs tested coincided well with the genotype of this diagnostic dCAPs 
marker. This result indicated that the responsible gene for the FT2 and E2 loci was identical 
to each other, and that a conserved mutation might have caused the early flowering 
phenotype in the recessive alleles. To validate the significance of the mutation in the GmGIa, 
we screened a mutant line from X-ray irradiated and ethyl methanesulfonate (EMS) treated 
libraries by targeting-induced local lesions in  genomes (TILLING) (McCallum et al., 2000). 
The sequence of GmGIa in the wild type Bay cultivar was completely identical to that of the 
E2 allele. One mutant line harboring a deletion  in the 10th exon that caused a truncated 
protein (735 amino acids) (Fig. 7B) showed a significant earlier (8days) flowering phenotype 
than the wild type under natural day-length conditions. These results indicate that GmGIa is 
the gene responsible for the E2 locus. 
 

BAC MiB300H01 
24-45Kbp (start codon 24257bp)

25Kb 30Kb 35Kb 40Kb 45Kb

GmGIa_CDS

stop codon
1170 aa

3758bp 

AFLP
E60M38

ft2 (e2)

521 aa

E2-mut

735 aa

A

B

 
Fig. 7. Variation of gene structure of GmGIa. A: Exons, a part of the 3’UTR, and introns of the 
GmGIa gene in the 24-45 Kb region of MiB3300H01 are indicated by bold boxes, open boxes 
and lines, respectively. The location of marker 2, originating from AF LP marker E60M38, is 
presented in the 5th intron by the gray box. B: The truncated sites of amino acid sequences 
in ft2 (e2) and the mutant allele (E2-mut) are indicated by the solid triangles.   
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this QTL were estimated to be -5.17 days and 0.57 days, respectively. The ratio of genetic 
variance explained by the FT2 locus accounted for 87.9 % of the total variance, indicating that 
the variation observed in this population was la rgely controlled by the single QTL effect. The 
genotypes of the selected 3 markers and flowering genotypes confirmed by progeny test are 
shown in Fig. 6. The genotypes of marker 2 cosegregated with flowerin g genotypes indicating 
that the QTL was close to this marker. Among the recombinants, line 6-8_501 rec had a 
recombination point between marker 1 and mark er 2. Another lines, 6-8_452rec_A, 528rec_B 
and 6-8_120 rec, generated a recombination between marker 2 and marker 3. Marker 1 and 3 
originated from the end sequences of a BAC clone MiB300H01. Considering the recombination 
points in each line and their flowerin g genotypes, this indicated that the FT2 locus was 
restricted to the single BAC clone, MiB300H01. To identify the responsible gene for this QTL, 
the nucleotide sequence of this BAC clone was determined. 
 

 
Table 1. List of DNA markers used for fine mapping of the FT2 locus. 
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Fig. 6. Fine mapping of the FT2 locus. The genotypes of each DNA marker of recombinants 
are shown in the left panel and segregation of flowering in the progenie s is displayed in the 
right panel at the bottom of the figure. The interquatile region, median, and range are 
indicated by a box, vertical line, and horizontal line, respectively. 

In the 94 Kb sequence of MiB300H01, nine annotated genes were predicted. One of these 
genes, Glyma 10g36600 (assigned in phytozome ver. Glyma 1.0 http:// 
www.phytozome.net/), with a hi gh level of similarity to GIGANTEA (GI ) gene, was 

Marker name Type of marker Clone name Direction Sequence (5'-3')
Marker 1 BAC end GMJMiB300H01RV Fw CATAGCCGACCTTCTCCAAA 44,787,669

Rv AGCCCAATATGGCAGCATAC 44,787,287
AFLP(SCAR) E60M38 Fw CAGTGTTCGCCAGGCTTAGT 44,726,500

Rv GCTTGGGTAAACATCCCAAA 44,726,011
Marker 3 BAC end GMJMiB300H01fw Fw GAGAGCAGGGTTATTGGATGA 44,696,157

Rv GCCACTGTGCCACATTACAC 44,696,810

b) Physical position at Gm10 in Glyma1.0 (http://w w w .phytozome.net/).

Glyma1.0 (Gm10) b

Marker 2 a

a) The digestion w ith the restriction enzyme EcoRI w as needed to detect polymorphism. 
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considered a strong candidate for the FT2 locus. We isolated the complete predicted coding 
region using an RNA sample extracted from leaves of NILs6-8-FT2. We refer to this gene as 
GmGIa, since another GI gene, GmGIb, was also obtained from the same RNA sample. The 
coding sequence of GmGIa-Mo from Moshidou Gong 503 was extended to a 20Kb genomic 
region and contained 14 exons (Fig. 7A). Marker 2, which cosegragated with the FT2 
genotypes and originated from the AFLP mark er, E60M38, was located in the 5th intron 
(Fig. 7). Compared to GmGIa-Mo, the Misuzudaizu early flowering allele, GmGIa-Mi, 
showed four single nucleotide polymorphisms (SNPs) in its coding sequence. One of these 
SNPs, detected in the 10th exon, introduced a premature stop codon mutation that led to a 
truncated 521 amino acids GI protein in the GmGIa-Mi allele (Fig. 7B). This stop codon 
mutation was considered a candidate for a functional nucleotide  polymorphism in GmGIa . A 
derived amplified polymorphic sequence (dCAPs) marker was developed to examine the 
identity of this stop codon mutation in  other NILs originating from Harosoy ( e2/ e2). The 
genotypes of all NILs tested coincided well with the genotype of this diagnostic dCAPs 
marker. This result indicated that the responsible gene for the FT2 and E2 loci was identical 
to each other, and that a conserved mutation might have caused the early flowering 
phenotype in the recessive alleles. To validate the significance of the mutation in the GmGIa, 
we screened a mutant line from X-ray irradiated and ethyl methanesulfonate (EMS) treated 
libraries by targeting-induced local lesions in  genomes (TILLING) (McCallum et al., 2000). 
The sequence of GmGIa in the wild type Bay cultivar was completely identical to that of the 
E2 allele. One mutant line harboring a deletion  in the 10th exon that caused a truncated 
protein (735 amino acids) (Fig. 7B) showed a significant earlier (8days) flowering phenotype 
than the wild type under natural day-length conditions. These results indicate that GmGIa is 
the gene responsible for the E2 locus. 
 

BAC MiB300H01 
24-45Kbp (start codon 24257bp)

25Kb 30Kb 35Kb 40Kb 45Kb

GmGIa_CDS

stop codon
1170 aa

3758bp 

AFLP
E60M38

ft2 (e2)

521 aa

E2-mut

735 aa

A

B

 
Fig. 7. Variation of gene structure of GmGIa. A: Exons, a part of the 3’UTR, and introns of the 
GmGIa gene in the 24-45 Kb region of MiB3300H01 are indicated by bold boxes, open boxes 
and lines, respectively. The location of marker 2, originating from AF LP marker E60M38, is 
presented in the 5th intron by the gray box. B: The truncated sites of amino acid sequences 
in ft2 (e2) and the mutant allele (E2-mut) are indicated by the solid triangles.   
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3.2 Identification and variation analysis of the responsible gene for the E3 locus 
The line RIL1-146 was found to be heterozygous for the FT3 locus. One other line, RIL6-22, 
showed segregation for growth habit.  This trait is controlled by the Dt1  locus and is linked 
to the FT3 locus at a distance of about 25 cM. The segregating region of RIL6-22 included 
both the Dt1 and the FT3 loci. A single plant with a genotype of dt1dt1 FT1FT1 ft2ft2 FT3ft3 
was selected from RIL1-146, and 5plants with a genotype of Dt1dt1 ft1ft1 ft2ft2 FT3ft3 were 
selected from RIL6-22 and designated as RHL1-146 and RHL6-22, respectively. From both 
progenies of these RHLs, two NILs, 1-146-FT3 and –ft3, and 6-22-FT3 and –ft3 were selected. 
Using BSA analysis, a polymorphic AFLP mark er, E6M22, was detected between the early-
flowering bulk and the late-flowering bulk derived from the progeny of RIL1-146. This 
marker was located at the LOD peak position of the FT3 (Fig. 8).  
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Fig. 8. LOD scores for the FT3 locus and heterozygous regions of RHLs. The location of the 
FT3 locus and the segregating regions of two RHLs, 6-22 and 1-146 are shown. Solid line 
indicates the LOD scores calculated by composite interval mapping for the QTL (A). Shaded 
bars indicate the heterozygous regions of two RHLs (B). 
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As a result of marker analysis, the heterozygous region in RHL1-146 extended for about 5 
cM including the FT3 locus. In contrast, the heterozygous region in RHL6-22 extended for 
about 40 cM including the FT3 and Dt1 loci. Two groups of NILs, NILs1-146 and NILs6-22, 
were used to develop the AFLP markers tightly linked to the FT3 locus. Of all possible 4096 
primer pairs, only six fragme nts showed constant polymorphism between the genotypes of 
FT3/ FT3 and ft3/ ft3 in NILs1-146 and NILs6-22. These polymorphic bands were excised 
from the gel, then sequenced, and converted to codominant SCAR markers. Several BAC 
and transformation-competent ba cterial artificial chromosome (TAC) clones were screened 
using the SCAR markers. The nucleotide sequences of a BAC clone, GMJMiB242F01, and a 
TAC clone, GM_TMiH_H17D12, were determin ed. These BAC/TAC sequences were used 
to develop new PCR-based markers. A total of six DNA markers, including three AFLP-
derived markers (markers 1, 3, and 6) and three PCR-based markers developed from the 
BAC/TAC sequences (markers 2, 4, and 5) were used for fine mapping of the FT3 locus 
(Table 2). 
A population of 897 plants derived from seven RHL1-146 plants was used for precise 
mapping of the FT3 locus. No recombination between these markers was found in 883 
plants. The numbers of FT3 homozygous late-flowering genotype (n=208) and heterozygous 
(n=441) and ft3 homozygous early flowering genotypes (n=234) fitted a 1: 2: 1 segregation 
ratio. These results suggested the presence of a single QTL for flowering time within a small 
heterozygous region in RHL1-146. The additive effect and the dominant effect of this QTL 
were estimated to be 3.0 and 0.98 days, respectively. The ratio of genetic variance explained 
by the FT3 locus accounted for 70.7 % of the total variance. On the other hand, 14 plants 
showed recombination between these markers (Fig. 9) and the recombination points were 
determined by the genotype of markers 2-5. The FT3 genotypes in each recombinant 
completely coincided with the genotypes of mark er 3 that originated from the closest AFLP 
marker E6M22 to the LOD peak position (Fig. 8). Moreover, recombination points occurred 
on both sides of marker 3 and corresponded to both sides of the TAC clone, 
GM_TMiH_H17D12. These results suggested that the gene responsible for the FT3 locus was 
restricted to the physical region covered by GM_TMiH_H17D12 (Fig. 9). 
 

 
Table 2. List of DNA markers used for fine mapping of the FT3 locus. 
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Fig. 9. Fine mapping of the FT3 locus. The genotypes of each recombinant are shown in the 
left panel. Misuzudaizu homozygous, Moshid ou Gong 503 homozygous and heterozygous 
genotypes are indicated by solid, open and meshed boxes, respectively. The phenotypic 
segregation in the progenies of each recombinant was shown in the right panel. The 
interquartile region, median, and range are in dicated by a box, bold vertical line, and 
horizontal line, respectively. 

A total of 11 genes were predicted in the sequence of GM_TMiH_H17D12. Previous studies 
had suggested that the FT3 locus may be identical to the maturity locus E3 (Yamanaka et al., 
2001) and that the E3 gene which showed a large effect on flowering time under FLD 
conditions had some association with a photoreceptor (Cober et al., 1996b). Considering 
these findings, one gene highly similar to th at encoding phytochrome A was considered to 
be the gene responsible for the FT3 locus. To confirm this assumption, differences in this 
gene between the parental lines were investigated. This phytochorome gene was referred to 
as GmPhyA3, since two other phytochrome A genes had been previously designated as 
GmPhyA1 and GmPhyA2 by Liu et al. (2008). GmPhyA3 obtained from Misuzudaizu 
(GmPhyA3-Mi) was found to encode a protein composed of 1130 amino acids. A BLAST 
search found that GmPhyA3-Mi displayed normal features of phytochrome A, including a 
chromophre-attached domain, two PAS domains, and a histidine kinase domain as 
conserved domains. Compared to GmPhyA3-Mi, the GmPhyA3 gene of Moshidou Gong 503 
(GmPhyA3-Mo) showed a large insertion in the fourth intron and one SNP for a 
nonsynonymous amino acid substitution (glycine to arginine) in the third exon (Fig. 10). 
This SNP corresponded to the polymorphism detected by the AFLP marker E6M22. The 
inserted sequence was 2.5 Kb in length and a part of this sequence was found to be highly 
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similar to that of the non-long-terminal-repe at (LTR) retrotransposon reverse transcriptase 
element, but did not resemble the Ty1/ copia or Ty1/gypsy sequences in the e4 allele (Liu et 
al., 2008). Moreover, this inserted sequence showed a similar short sequence on both sides of 
the inserted position. To collect allelic information about GmPhyA3, the genes from Harosoy 
and Harosoy-e3 were also isolated and designated as GmPhyA3-E3 and GmPhyA3-e3, 
respectively. While a large retrotransposon-like insertion sequence was observed in 
GmPhyA3-E3, similar to that in GmPhyA3-Mo, the amino acid sequences encoded by 
GmPhyA3-Mi and –E3 were identical (Fig. 10). On the other hand, a large deletion of 13.33 
Kb at a position after the third exon was detected in GmPhyA3-e3 (Fig. 10). Additionally, one 
mutant (GmPhyA3-mut), with a 40-bp deletion in the middle of the first exon of the 
GmPhyA3 gene was screened from the mutant libraries of Bay by TILLING (Fig. 10). The 
sequence of GmPhyA3 from Bay was identical to that of GmPhyA3-E3. 
 

IACGMAAARIASKDILDQDRSHTASEIRWGGAKHEPGERDDGRRV
IACGMAAA(TQPQKSDGVVQSMSLVKGMMVGGCIQDHHSRLSLKL*)

GmPhyA3-Mi (E3Mi)

GmPhyA3-E3 (E3Ha)

GmPhyA3-Mo (e3Mo)

GmPhyA3-e3 (e3T)

GmPhyA3-mut
40bp deletion

GAATAGCTTCCAAAGATATACTTTTCTGGTTTCGGTCTCA

GmPhyA3-mut
Wild Type

Gene structure Red light sensitivity
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Less

Less

Less

Amino acid substitution

 
Fig. 10. Variation of gene structure of GmPhyA3 and red light sensitivity. Open boxes, 
shaded boxes, and horizontal lines indicate exons, UTRs, and introns, respectively. The 
deleted region detected in Harosoy-e3 is denoted by a dotted line. The deleted region in the 
middle part of the first exon of the mutant  is shown at the bottom of the figure. The 
sequence of 40-bp deletion and the corresponding translated amino acid sequence in the 
wild-type plant are displayed. As a result of the deletion, a stop codon following the 36 
amino acids at the deletion site appears in the mutant. 

For allelism test among the E3, FT3, and ft3 alleles, two population from crosses between 
Harosoy (Dt1Dt1 e1e1 e2e2 E3E3) and 6-22-FT3 (Dt1Dt1 ft1ft1 ft2ft2 FT3FT3) and 6-22-ft3 
(Dt1Dt1 ft1ft1 ft2ft2 ft3ft3) were developed. Genetic analysis revealed that only the crossing 
population of Harosoy and 6-22-ft3  showed a significant difference in genetic effect on 
flowering time. This indicated that the E3 and FT3 alleles had the same effect. The large 
insertion-like retrotransposon observed in GmPhyA3-E3 and –Mo therefore might have no 
effect on the phenotype, whereas the one-amino-acid substituti on observed in the GmPhyA-
Mo might have weakened the effect of the FT3 allele. 
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chromophre-attached domain, two PAS domains, and a histidine kinase domain as 
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(GmPhyA3-Mo) showed a large insertion in the fourth intron and one SNP for a 
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Since Cober’s study (1966b) indicated that the E3 allele exerted a large effect under FLD, the 
sensitivity to FLD conditions betw een the three NILs ( Harosoy and –e3, 6-22-FT3 and –ft3, 
1-146-FT3 and –ft3) and the mutant line for the GmPhyA3 gene were evaluated. While the 
flowering days of each line varied because of their different genetic backgrounds, the effect 
of the E3/ FT3 allele was enhanced under FLD conditions in all the NILs. The mutant line 
with GmPhyA3-mut flowered 15 days earlier than the original variety Bay under extended 
mercury-vapor lamp with high red/far-red (R/FR) conditions like FLD. 
These results strongly suggest that GmPhyA3 is the gene responsible for the locus E3/ FT3. 
We designated the type of gene structure of GmPhyA3-Mi, GmPhyA3-E3, GmPhyA3-Mo and 
GmPhyA3-e3 as E3Mi, E3Ha, e3Mo and e3T, respectively, hereafter. Distribution of these 
alleles was investigated using several cultivars and lines covering all the maturity groups in 
Japan. Three primer pairs were designed for discrimination among E3Mi, E3Ha/e3Mo and 
e3T. The sequences of these primers are shown in Table 3 and the positions of these primers 
are indicated in Fig. 11. The e3Mo type was distinguished from E3Ha type by Mse1 
digestion of a PCR product using specific primers, E3_07666FW and E3_08417RV. PCR 
products or digested fragments were separated by 1% agarose gel electrophoresis. Among 
the 80 accessions randomly selected from Genebank of the National Institute of 
Agrobiological Sciences (NIAS) in Japan, the E3Mi and e3T types were equally abundant, 
while the E3Ha and e3Mo types seldom occurred. 
 

 
Table 3. The DNA markers for genotype analysis of the E3 locus. 

 

Insertion : 2.6 kb

Deletion : 13.3 kb

E3_09908RV

e3T_0716RVE3_08557FW

E3Ha

e3Mo

E3Mi

e3T

E3_08557FW

E3_08557FW

E3_08557FW E3Ha_1000RV

E3Ha_1000RV

           : Target region for CAPS analysis

           : Primer position of STS markers

SNP : G �: A
    Arg �: Gly

 
Fig. 11. Variation of GmPhyA3 gene structure with the position and orientation of PCR 
primers. 

The E3 region were amplified with four pairs us ing the total DNA of 30 varieties, and four 
PCR products were designated as E3f1 to E3f4 (Table 4). The positions of these primers and 
PCR fragments are indicated in Fig. 12. Sequencing primers were constructed at intervals of 
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approximately 500 bases on the fragments. The PCR products were sequenced and 
alignment of the sequences was carried out. Days from sowing to the first flowering and 
alleles at the E3 locus of 30 accessions are listed in Table 5. The results showed that E3Mi 
and e3T types were abundant, followed by the E3Ha type, while the e3Mo seldom occurred. 
No other type has been detected so far. The E3Ha type was detected in the accessions from 
China and North America. The latest flowerin g group harbored the E3Mi type, while the 
earliest flowering group, the e3T type. There was no clear relationship between the 
flowering time and the alleles at the E3 locus in the other groups, because the flowering time 
depends on the combination of alleles at many loci.  
 

 
Table 4. Anchor primers for sequence analysis at the E3 locus. 
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Fig. 12. Variation of GmPhyA3 gene structure with the position and orientation of primers 
for PCR walking. The PCR products (E3fi, E3f2, E3f3 and E3f4) are shown at the bottom of 
the figure. As the e3T type lacked a portion of the third intron and the downstream region, 
the reverse primer for E3f4 was different from that for other alleles. 
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Since Cober’s study (1966b) indicated that the E3 allele exerted a large effect under FLD, the 
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products or digested fragments were separated by 1% agarose gel electrophoresis. Among 
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while the E3Ha and e3Mo types seldom occurred. 
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Table 5. Days from sowing to the first flowering and alleles at the E3 locus. These accessions 
were sown on June 10, 2008 at the NIAS 

3.3 Toward the positional cloning of the E1 gene 
Among the the 156 RILs, a single line was identified as being heterozygous around the FT1 
locus (approximately 17 cM) based on the genotypes of the DNA markers, and was named 
RHL1-156 (Fig. 13). A population of 1,006 plants derived from RHL1-156 was used for fine 
mapping of the FT1 locus. The FT1 locus mapped between tightly linked DNA markers, 
Satt365 and GM169 (Fig. 14).  
As it was difficult to find AFLP markers arou nd this region in this population, we used 
mapping populations derived from a cross between Harosoy- E1 (E1E1 e2e2 E3E3) and 
Harosoy (e1e1 e2e2 E3E3). The E1 locus was mapped proximate to Satt557 between Satt365 
and Satt289 using the F2 population (117 plants). In a F2:4 population (mixed progenies from 
F2 heterozygotes at Satt557 locus) with 1,442 individuals, seven recombinants were 
identified between Satt365 and Satt289. The flowering genotypes for each recombinant are 
confirmed by the progeny segregation pattern. With these recombinants, we were able to 
delimit the E1 region to approximately 289 kb betw een markers A and E5 (Fig. 15). No 
recombination was found between markers S8 and Satt557, despite a physical distance of 
133 kb. Because more than 40 genes were identified in the 289 kb region, more intense fine 
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mapping was conducted by using more than 13,000 plants with a protocol for large-scale 
genotyping of soybean seeds (Fig. 2) and a candidate gene was identified (Xia et al., 
unpublished ). 
 

 
Fig. 13. Graphical genotype of RHL1-156. Solid bars and bars with slanted lines represent 
Misuzudaizu and Moshidou Gong 503 homozygous segments, respectively. Open bars 
represent unclassified segments. Putative location of each QTL is circled.  
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Fig. 14. QTL analysis for the FT1 locus. LOD scores calculated by interval mapping are 
shown in the left panel. Close-up of the FT1 region is highlighted in the right panel. 
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Fig. 15. Fine mapping of the FT1/E1 locus. E1 homozygous, e1 homozygous and 
heterozygous genotypes are shown by solid, open and meshed boxes, respectively. The FT1 
genotype of each recombinant was identified by progeny test. 

The FT1 locus was genetically mapped into the semi-central domain of linkage  
group C2 (Fig. 3) and was included in the pericentromeric region of chromosome 06 
(http://www.phytosome.net/). In the heterochro matic regions, the ratio of physical to 
genetic distance is 3.5Mb/cM in comparison of 197 Kb/cM in euchromatic regions (Schmutz 
et al., 2010). The responsible gene for FT1/ E1 locus is characterized by relatively lower 
mRNA abundance. In fact, no EST data of the FT1/ E1 gene could be retrieved from public 
databases. The gene encodes a novel small protein and is unique in the sense of no apparent 
orthologs in model plants Arabidopsis or rice. We are analyzing the ligands of this protein 
and the interaction with DNA sequences. 

4. Putative pathway of flowering time in soybean 

The responsible gene for the E4 locus was identified as GmPhyA2 through the candidate 
gene approach (Liu et al., 2008). At the e4 allele, a Ty1/copia-like retrotransposon was 
inserted in exon 1 of the gene, which resulted in dysfunction of the gene and photoperiod 
insensitivity. Similarly, natural and artificial mutations of GmPhyA3 resulted in weak or 
complete loss of photoperiod sensitivity (Watanabe et al., 2009). The FT homologs in 
soybean have been identified (Kong et al., 2010) and two of them, GmFT2a and GmFT5a, 
were highly upregulated under SD conditions and showed diurnal expression patterns with 
the highest expression 4h after dawn. Under LD conditions, expression of GmFT2a and 
GmFT5a was downregulated and did not follow a diurnal pattern. Ectopic expression 
analysis in Arabidopsis confirmed that both GmFT2a and GmFT5a had the same function as 
Arabidopsis FT. A double-mutant (e3e3 e4e4) for GmPhyA2 and GmPhyA3 expressed high 
levels of GmFT2a and GmFT5a under LD conditions (18-h light) with an R: FR ratio of 1.2, 
and it flowered slightly earlier under LD than the wild type ( E3E3 E4E4) grown under SD. 
The expression levels of GmFT2a and GmFT5a were regulated by PHYA-mediated 
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photoperiodic regulation system, and the GmFT5a expression was also possibly regulated by 
photoperiod-independent system in LD. 
GI have the conserved function of controlling the expression of the FT gene in Arabidopsis, 
rice and pea (Hayama et al., 2003; Mizoguchi et al., 2005; Hecht et al., 2007). We analyzed the 
expression of GmFT2a and GmFT5a at 9:00 a.m. 4 weeks after sowing under natural day-
length conditions using E2 (FT2) NILs in which photoperiod changed from LD to SD. A 
clear association between the GmFT2a expression level and early flowering phenotype was 
observed in both NILs. However, there was no significant difference in the GmFT5a 
expression levels between these NILs. These results suggested that GmGIa probably 
controlled flowering time through the regulation of GmFT2a . The recessive alleles of the E2 
(FT2) locus were perhaps unable to suppress GmFT2a expression and resulted in the early 
flowering phenotype. 
There are strong interaction among the effects of E1 (FT1) and E2 (FT2), E1 (FT1) and E3 
(FT3) (Yamanaka et al. 2000; Watanabe et al. 2004). The e3e3 recessive homozygote can 
initiate flowering under R-enriched LD, but the e3e3 genotype is necessary for plants with e4 
mutant allele to flower under FR-enric hed LD. In the mapping population with e3 
background, photoperiodic insensitivity could occur in either genotypes of e1E4, E1e4 or 
e1e4 (Abe et al., 2003). These results suggest that E1, E2, E3 and E4 might concurrently 
mediate photoperiodic flowering in a shared pa thway. The expression of the candidate gene 
for the E1 locus was found to be repressed under SD. Under SD conditions, E3/ E4-mediated 
photoperiodic regulation system up-regulates the expression of GmFT2a and GmFT5a 
possibly through the repression of the E1 gene (Fig. 16). The E2 locus also might control the 
GmFT2a expression through the E1 gene. 
 

E4 (GmPhyA2 )E3 (GmPhyA3 )E2 (GmGIa)

E1 or 
Unidentified factor XGmFT2a/GmFT5a

(Soybean florigen genes)
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Genetic Interaction  
Fig. 16. A putative network of flowering time genes in soybean. 

5. Conclusion 

We successfully identified the responsible genes for the E1, E2 and E3 by positional cloning 
strategy and proposed a tentative flowering time gene network in soybean based on 
interaction of these genes. We used RHLs derived from RIL for fine mapping a single QTL 
effectively. An RHL harbors a heterozygous region where the target QTL is located and a 
homozygous background in most other region s of the genome. Novel DNA markers tightly 
linked to the locus were developed based on AFLP between the NILs of the locus derived 
from an RHL. A large-scale population derived from RHLs was used to locate the target 
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5. Conclusion 

We successfully identified the responsible genes for the E1, E2 and E3 by positional cloning 
strategy and proposed a tentative flowering time gene network in soybean based on 
interaction of these genes. We used RHLs derived from RIL for fine mapping a single QTL 
effectively. An RHL harbors a heterozygous region where the target QTL is located and a 
homozygous background in most other region s of the genome. Novel DNA markers tightly 
linked to the locus were developed based on AFLP between the NILs of the locus derived 
from an RHL. A large-scale population derived from RHLs was used to locate the target 
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locus precisely. We developed manual large-scale genotyping of seeds, in which powdered 
cotyledon was obtained by drilling a hole on the surface of seed without any damage to the 
embryonic axis. Recombinants carrying crossovers in the target region were selected based 
on genotypes of DNA markers around the region . Genotypes of the flowering time locus of 
recombinants were determined by progeny te st and identified the cosegregated region 
based on these genotypes. Physical contigs were constructed with BAC/TAC clones 
screened by SCAR markers converted from these AFLP fragments. By sequencing the BAC 
contig covering the cosegregated region, we identified the candidate genes. Confirmation of 
the responsible gene was performed by investigation of association between natural and 
induced variation of the candidate gene stru ctures and flowering time. Mutant screening 
was carried out with TILLING using X-ray irra diated or EMS treated mutant libraries. The 
interactions between the identified genes were analyzed using several NILs and segregating 
population for the E loci. A tentative flowering time network in soybean was proposed 
taking into consideration the possible functions of responsible genes for E1, E2, E3 and E4 
loci and GmFTs. Further characterization of other E loci is necessary to reveal the molecular 
mechanism of flowering in soybean. 
Recently, soybean genome sequence has been reported (Shumutz et al., 2010) and a large 
number of SSR (Song et al., 2010) and SNP (Hyten et al., 2010a; Lam et al., 2010) markers has 
been developed. New high-throughput sequencing technologies, and multiplex assays for 
genotyping a huge number of SNPs have become available. These technologies and 
information will accelerate the identification of responsible genes for agriculturally 
important loci. But methods and materials to precisely locate the target loci in the genome 
are still important. Moreover, va riation of regional genome structure and gene content (Kim 
et al., 2010 ; William et al., 2010; Xia et al., unpublished) will need the sequencing of genome 
clones covering the target region. 
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locus precisely. We developed manual large-scale genotyping of seeds, in which powdered 
cotyledon was obtained by drilling a hole on the surface of seed without any damage to the 
embryonic axis. Recombinants carrying crossovers in the target region were selected based 
on genotypes of DNA markers around the region . Genotypes of the flowering time locus of 
recombinants were determined by progeny te st and identified the cosegregated region 
based on these genotypes. Physical contigs were constructed with BAC/TAC clones 
screened by SCAR markers converted from these AFLP fragments. By sequencing the BAC 
contig covering the cosegregated region, we identified the candidate genes. Confirmation of 
the responsible gene was performed by investigation of association between natural and 
induced variation of the candidate gene stru ctures and flowering time. Mutant screening 
was carried out with TILLING using X-ray irra diated or EMS treated mutant libraries. The 
interactions between the identified genes were analyzed using several NILs and segregating 
population for the E loci. A tentative flowering time network in soybean was proposed 
taking into consideration the possible functions of responsible genes for E1, E2, E3 and E4 
loci and GmFTs. Further characterization of other E loci is necessary to reveal the molecular 
mechanism of flowering in soybean. 
Recently, soybean genome sequence has been reported (Shumutz et al., 2010) and a large 
number of SSR (Song et al., 2010) and SNP (Hyten et al., 2010a; Lam et al., 2010) markers has 
been developed. New high-throughput sequencing technologies, and multiplex assays for 
genotyping a huge number of SNPs have become available. These technologies and 
information will accelerate the identification of responsible genes for agriculturally 
important loci. But methods and materials to precisely locate the target loci in the genome 
are still important. Moreover, va riation of regional genome structure and gene content (Kim 
et al., 2010 ; William et al., 2010; Xia et al., unpublished) will need the sequencing of genome 
clones covering the target region. 
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1. Introduction 

1.1 Plant nematodes  
Plant parasitic nematodes cause severe damage to plants and are responsible for billions of 
dollars of losses worldwide (Koenning et al. 2007). Soybean cyst nematode (SCN; Hederodera 
glycines; Fig. 1a ) and root-knot nematode (RKN; Meloidogyne spp.; Fig. 1b) are sedentary 
obligate parasites of plants. SCN is the major pest of soybean and causes an estimated one 
billion dollars in losses annua lly in the US (Wrather & Koenning 2006). RKN is a major pest 
of vegetables and can become a serious problem on soybean, especially on edible soybean 
planted in areas used to grow vegetables (Adegbite & Adesiyan 2005). The genera 
Meloidogyne is widespread and is considered, economically and agricult urally, as a very 
important group of plant pathogens. The host range of Meloidogyne is very wide as it attacks 
almost all plant species (Sasser 1980). Both SCN and RKN are sedentary endoparasites and 
they cause dramatic morphological and physiolo gical changes in plant cells while inflicting 
severe decreases on yield. Chemical methods of nematode control are costly and can 
damage the environment, especially with contamination of ground water. Therefore, the 
preferred method of nematode control is the use of resistant or tolerant varieties, when 
available. Unfortunately, a plant with resistan ce to one population of nematode is often 
susceptible to a different population due to the wide genetic variation of nematode 
populations.  
When a plant parasitic nematode infects a plant root, the nematode and the plant enters an 
intricate interactive relationship with the host that is attempting to inhibit nematode 
development, while the nematode’s goal is to develop and reproduce. The life cycle of SCN 
and cellular responses of soybean to SCN infection have been documented and reviewed 
extensively (Bird & Koltai 2000; Endo 1964; Endo, 1965; Endo, 1992; Goverse et al. 2000; 
Lilley et al. 2005; Mitchum & Baum 2008; Niblack et al. 2006; Williamson & Gleason 2003; 
Abad & Williamson 2010; Klink et al. 2011a). The SCN egg can be found in soil and within 
the mature female. The second stage juvenile (J2) hatches from the egg, searches for a root of 
a plant host, penetrates the root epidermis, and migrates intracellularly, using its stylet and 
enzyme secretions to disrupt cells and force its way toward the vascular tissue. 
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Fig. 1. (Left) Female cyst of the soybean cyst nematode at 21 days after infection(dai).  
(Right) Gall formed by the root-knot nematode at  14 dai. The RKN appears red after staining 
with acid fuchsin. 

There nematode selects a feeding cell adjacent to the vascular tissue, pierces the cell wall 
and injects material from its esophageal gland. The proteins injected by SCN alter the 
physiology and metabolism of the plant cell and surrounding cells so a syncytium is formed 
by dissolution of the walls of surrounding cells and the fusion of  those adjacent cells The 
nematode becomes sedentary, feeds and molt three times to reach maturity. The anterior 
portion of the female SCN remains inside the root while the posterior portion breaks 
through the epidermis of the root at approx imately 12 to 14 dai. At maturity, the outer 
integument of the mature female SCN hardens to protect eggs within its body, while some 
eggs are extruded in a gelatinous mass. SCN can complete its life cycle in three to four 
weeks with one female producing 200 to 600 eggs (Young, 1992). Thus, SCN can complete 
numerous life cycles during the soybean growing season and infest a field rapidly.  
The RKN follows a similar pattern of developm ent to that of SCN. The RKN also goes 
through five different developmental stages star ting with the J1 which molts once inside the 
egg. After hatching, the motile J2 immediately searches for a plant host and infects 
immediately behind the root tip and migrates  between the plant cells. RKN does not feed 
during this stage; instead it uses its lipid reserves in the gut (Eisenback & Triantaphyllou, 
1991). When the RKN J2 reaches the vascular cylinder, it becomes sedentary and establishes 
its permanent feeding site by injection of proteins into selected parenchymal adjacent to the 
vascular system to form giant cells (Caillaud et al., 2001). The giant cells expand and 
undergo multiple rounds of mitosis without cell division. After feeding for only 24 hours, 
the RKN molts three times to reach the adult stage (Eisenbach & Triantaphyllou, 1991). The 
entire body of the RKN remains within the root  and infection of roots by RKN can be easily 
recognized by the "knots" or "galls" form ed where they feed and develop (Caillaud et al., 
2001). The mature adult female deposits its eggs in a gelatinous mass, which remain 
attached to the end of the female’s body and can be observed on the gall surface.  One adult 
female can lay hundreds to thousands of eggs in three months.  
It is important to reiterate th at the SCN and RKN puncture the plant cell wall with its stylet 
to inject secretions from its esophageal glands. These secretions are important to altering the 
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plant cell morphology and metabolism to form a feeding structure, called the syncytium in 
the case of SCN or giant cell in the case of RKN. More than 60 genes have been identified 
that are expressed in the esophageal glands of SCN, many of which have no known function 
(Gao et al. 2001, 2003; Williamson & Gleason 2003; Davis et al., 2004; Davis & Mitchum, 
2005). Some of the genes encoding these proteins are similar to microbial genes or genes of 
animal-parasitic nematodes. Knowledge about these secreted proteins from the nematode 
and their interactions with targets within the plant cell during infection provides a better 
understanding of the interaction between the host cells and the parasite.  
During the establishment of their feeding sites,  nematodes secrete into the plant cell several 
different proteins and enzymes made in the esophageal gland (Davis et al. 2004; Gao et al. 
2001, 2003). The SCN esophageal glands produce �E-1,4-endoglucanase and pectate lyase to 
degrade the plant cell wall (Smant et al., 1998; Hang et al., 2003). Some enzymatic reactions of 
these nematode proteins on the cell wall may produce compounds that interact with signal 
transduction receptors on the plant host cells (Davis et al. 2004; Davis & Mitchum 2005: 
Mitchum & Baum, 2008). A model of a potential secretomes from plant parasitic nematode 
has been proposed by Davis et al. (2004) and shows involvement of cell wall remodeling 
proteins, such as endoglucanases, and expansions. Plant parasitic nematodes also produce 
proteins that may mimic plant proteins, such as chorismate mutase (Doyle & Lambert, 2003; 
Bekal et al. 2003; Lambert et al. 1999) and CLAVATA (Wang et al. 2005; Wang et al., 2010; 
Replogle et al. 2010 ). Some of the secreted proteins contain a peptide sequence that targets 
the protein to the nucleus, while other protei ns remain in the cytoplasm of the plant cell 
(Elling et al., 2007). 

2. Gene expression in soybean 

Gene expression has been examined in both compatible and incompatible interactions of 
SCN with soybean roots using Affimetrix mi croarrays containing approximately 37,000 set 
of probes (Klink et al. 2007 a; 2009a, 2010, 2011b) (Ithal et al. 2007a,b). The identification of 
gene expression occurring specifically within the syncytium was first reported by Klink et 
al. (2005). The experiments provided a means for examining expression at the genomic scale. 
Also, changes in gene expression in the cells at the feeding site of the nematode have been 
examined using microarrays (Klink et al. 2007b,  2009a, 2010a, 2011b; Ibrahim et al. 2011). In 
all of these studies approximately two to te n per cent of the genes represented on the 
microarray changed in expression by over 1.5-fold. Through microarray studies, many 
genes were identified that are involved in metabolism, energy, defense and other areas, 
which provided new insights into plant-path ogen interactions. At the first phase of 
parasitism, which is prior to feed ing or at 12 h after infection (dai), gene expression patterns 
in the root were found to be similar in both the susceptible and resist ant reaction, when the 
nematode first attempts to establish itself in  the host. Gene expression during the second 
phase depends on the defense response of the host plant (Klink et al., 2007a). If the host is 
resistant or displays an incompatible interaction to the nematode, then gene expression 
patterns are different than if the host is susceptible or if the host displays a compatible 
reaction with the nematode, although ther e are some commonalities (Klink et al. 2007b, 
2009a, 2010b). In either case a syncytium is formed. However, in the incompatible 
interaction, the syncytium degrades, whereas the syncytium is maintained and expands in 
the compatible interaction. During the form ation of the nematode feeding sites, many 
pathways are involved in the induction of sy ncytia. For example, solidifying and lignifying 
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Fig. 1. (Left) Female cyst of the soybean cyst nematode at 21 days after infection(dai).  
(Right) Gall formed by the root-knot nematode at  14 dai. The RKN appears red after staining 
with acid fuchsin. 
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plant cell morphology and metabolism to form a feeding structure, called the syncytium in 
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these nematode proteins on the cell wall may produce compounds that interact with signal 
transduction receptors on the plant host cells (Davis et al. 2004; Davis & Mitchum 2005: 
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all of these studies approximately two to te n per cent of the genes represented on the 
microarray changed in expression by over 1.5-fold. Through microarray studies, many 
genes were identified that are involved in metabolism, energy, defense and other areas, 
which provided new insights into plant-path ogen interactions. At the first phase of 
parasitism, which is prior to feed ing or at 12 h after infection (dai), gene expression patterns 
in the root were found to be similar in both the susceptible and resist ant reaction, when the 
nematode first attempts to establish itself in  the host. Gene expression during the second 
phase depends on the defense response of the host plant (Klink et al., 2007a). If the host is 
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patterns are different than if the host is susceptible or if the host displays a compatible 
reaction with the nematode, although ther e are some commonalities (Klink et al. 2007b, 
2009a, 2010b). In either case a syncytium is formed. However, in the incompatible 
interaction, the syncytium degrades, whereas the syncytium is maintained and expands in 
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the cell wall of the syncytium, down-regulatio n of the plant defense system, such as the 
pathway leading to jasmonic acid, occur in the plant selected feeding cells during the 
nematode parasitism process (Ithal et al., 2007a; Klink et al., 2007b). Meanwhile other genes 
and pathways are utilized by the plant exhibiting an incompatible reaction (Klink et al., 
2007b, 2009a, 2010b), wherein the syncytium degrades.  
Gene expression during only the compatible interaction has been studied between RKN and 
soybean using soybean Affymetrix microarray s roots (Ibrahim et al., 2010). The nematode 
not only triggers the defense response of the root and forms a feeding site or giant cell, but 
also redesigns the morphology of root cells to form a gall. The giant cell is interesting in that 
it undergoes karyokinesis, but not cytokinesis. Furthermore, genes encoding enzymes in 
important biochemical pathways were found to be either highly induced or highly 
suppressed during the infection of th e soybean roots with RKN (Ibrahim et al. 2010). 
Analysis of microarray data can be complex and requires a great deal of time and effort. 
Commonly, microarray data sets are very large and take a long time to analyze, identify and 
understand changes in metabolic pathways. Most of the time, only genes already known to 
be involved in resistance are focused in on with the rest of the data never analyzed to its full 
potential. PAICE (Pathway Analysis and Integrated Coloring of Experiments) (PAICE 
(Paice_v2_90.jar) http://sourceforge.net/projects/paice/ (Hosseini et al. unpublished) 
software has been used to analyze microarray data and connect gene expression results 
between microarrays and illustrations of biochemical pathways found in the Kyoto 
Encyclopedia of Genes and Genomes (Ibrahim et al., 2011; Klink et al., 2009a, 2010b, 2011b; 
Tremblay et al., 2010). This program provides visualization of microarray gene expression 
data relevant to known biochemical pathways with a color scheme coding up-regulated 
genes in various shades of green and down-regulated genes in various shades of red 
depending on gene expression level. This tool makes key changes in gene expression in 
biochemical pathways stand out and makes comparison of pathway changes among 
treatments and across time points easier. This tool will be used in this chapter to display 
some of the gene expression data from various relevant publications. 

2.1 Carbohydrate and energy 
The female nematode requires large amounts of energy from its host so it can develop and 
produce large quantities of eggs. In sycnytia formed during both a compatible interaction at 
5 and 10 dai and the incompatible interaction at 6 dai of soybean roots with SCN (Ithal et al. 
2007a,b; Klink et al. 2007b, 2009a, 2010a); Fig 2) and in galls formed by RNK at 12 dai in a 
compatible interaction (Ibrahim et al. 2010), genes involved in glycolysis are up-regulated. 
Genes that are in common and up-regulated between the compatible and incompatible 
interactions of SCN with roots include genes encoding enzymes encompassing the entire 
pathway between �D-D-glucose-6-phosphate and pyruvate. Also, transcripts of genes 
encoding enzymes between �E-D-Fructose-6-phosphate and �D-D-glucose and �E-D-glucose are 
elevated in both cases. There are two differences in gene expression levels in the 
glycolosis/gluconeogenesis pathway that are striking. First the amou nt transcript of the 
gene encoding aldose 1-epimerase (EC 5.1.3.3), catalyzing the first step in galactose 
metabolism that converts -D-glucose into �D-D-glucose, is  moderately lower at 10 dai in 
syncytia formed by SCN, but is elevated in the SCN incompatible reaction at 6 dai and in 
root galls formed by RKN at 12. An increase in this enzyme is associated with a decrease in  

 
Changes in the Expression of Genes in Soybean Roots Infected by Nematodes 

 

81 

 
Fig. 2. Expression profiles at 10 dai in a susceptible reaction of Williams 82 with SCN are 
displayed for the genes  encoding enzymes in glycolysis/gluconeogenesis on the KEGG 
pathway diagram. Enzyme commission numbers in the rectangles are provided by KEGG. 
Rectangles are colored light green for genes up-regulated in the first 50%, medium green for 
genes up-regulated in the 50 to 75 quartile and dark green for genes up-regulated in the top 
25 %. Enzymes colored in red are encoded by down-regulated genes using a similar scheme.  
Enzymes colored in yellow are encoded by more than one gene and different copies of that 
gene are up- and down-regulated, respectively. Rectangles colored light gray indicate that 
the genes encoding those enzymes are not annotated in our soybean microarray database. 
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the cell wall of the syncytium, down-regulatio n of the plant defense system, such as the 
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also redesigns the morphology of root cells to form a gall. The giant cell is interesting in that 
it undergoes karyokinesis, but not cytokinesis. Furthermore, genes encoding enzymes in 
important biochemical pathways were found to be either highly induced or highly 
suppressed during the infection of th e soybean roots with RKN (Ibrahim et al. 2010). 
Analysis of microarray data can be complex and requires a great deal of time and effort. 
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treatments and across time points easier. This tool will be used in this chapter to display 
some of the gene expression data from various relevant publications. 

2.1 Carbohydrate and energy 
The female nematode requires large amounts of energy from its host so it can develop and 
produce large quantities of eggs. In sycnytia formed during both a compatible interaction at 
5 and 10 dai and the incompatible interaction at 6 dai of soybean roots with SCN (Ithal et al. 
2007a,b; Klink et al. 2007b, 2009a, 2010a); Fig 2) and in galls formed by RNK at 12 dai in a 
compatible interaction (Ibrahim et al. 2010), genes involved in glycolysis are up-regulated. 
Genes that are in common and up-regulated between the compatible and incompatible 
interactions of SCN with roots include genes encoding enzymes encompassing the entire 
pathway between �D-D-glucose-6-phosphate and pyruvate. Also, transcripts of genes 
encoding enzymes between �E-D-Fructose-6-phosphate and �D-D-glucose and �E-D-glucose are 
elevated in both cases. There are two differences in gene expression levels in the 
glycolosis/gluconeogenesis pathway that are striking. First the amou nt transcript of the 
gene encoding aldose 1-epimerase (EC 5.1.3.3), catalyzing the first step in galactose 
metabolism that converts -D-glucose into �D-D-glucose, is  moderately lower at 10 dai in 
syncytia formed by SCN, but is elevated in the SCN incompatible reaction at 6 dai and in 
root galls formed by RKN at 12. An increase in this enzyme is associated with a decrease in  
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Fig. 2. Expression profiles at 10 dai in a susceptible reaction of Williams 82 with SCN are 
displayed for the genes  encoding enzymes in glycolysis/gluconeogenesis on the KEGG 
pathway diagram. Enzyme commission numbers in the rectangles are provided by KEGG. 
Rectangles are colored light green for genes up-regulated in the first 50%, medium green for 
genes up-regulated in the 50 to 75 quartile and dark green for genes up-regulated in the top 
25 %. Enzymes colored in red are encoded by down-regulated genes using a similar scheme.  
Enzymes colored in yellow are encoded by more than one gene and different copies of that 
gene are up- and down-regulated, respectively. Rectangles colored light gray indicate that 
the genes encoding those enzymes are not annotated in our soybean microarray database. 
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the production of cellulose (Fekete et al. 2008). The second pronounced difference is that the 
gene encoding fructose-bisphosphatase (EC 3.1.3.11) is not elevated in galls, whereas it is 
one of the genes with the most highly elevated abundance of transcripts in syncytia during 
the compatible interaction at 5 and 10 dai in syncytia. It is not elevated at 9 dai in the 
incompatible interaction of SCN with soybean. The reaction of fructose -bisphosphatase is in 
the direction of starch formation. This supports metabolite studies of the interaction of 
Arabidopsis with the sugar beet nematode, Heterodera schachtii, indicate that syncytia 
accumulate starch during this interaction (Hofmann & Grundler 2008a,b, 2010).  

2.2 Cell wall modification and remodeling in soybean 
Syncytial cells formed by SCN may encompass 200 to 400 cells, while giant cells formed by 
RKN sometimes reach more than 400-times the size of a normal cell and may contain more 
than one hundred  nuclei (Caillaud et al., 2008). The expansion of the syncytium and the 
giant cell are accompanied by extensive cell wall modification. Microarray data indicate that 
the expression of many genes involved in cell wall extension and remodeling is altered 
(Klink et al. 2007b, 2009a,b; Ithal et al. 2007; Ibrahim et al. 2011). For example more pectinases 
are expressed in the syncytium during a compatible interaction at 10 dai than in an 
incompatible reaction at 9 dai (Fig 3). One gene represented by  
 

 

 
Fig. 3. (A)Fold change in expression of pectinesterases in syncytia in a compatible 
interaction (C) at 2, 5 and 10 dai. Data from Ithal. et al. (2007b) and (B) an incompatible  
interaction (I) at 3, 6 and 9 dai Data from Klink et al.(2009a). Genes are represented by 
GenBank numbers.  
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GenBank number AW309342 experiences more than a 50-fold increase in expression at 2 dai 
and over 30-fold increase in expression at 5 dai in syncytia in the susceptible reaction. Only 
three genes encoding pectinesterase are overexpressed in syncytia of the incompatible 
reaction at 3 and 6 dai and one gene represented by BE658782 is over 5-fold decreased in 
expression. 
Nine genes encoding xyloglucanases are up-regulated in syncytia at 2 and 5 dai during the 
susceptible reaction. At 5 dai three genes, represented by GenBank numbers BU764179, 
AW707175, and BQ298739 are more than 15-fold increased in transcript abundance (Fig. 4a). 
Only four genes encoding xyloglucanases are up-regulated in syncytia during the 
incompatible reaction at 3 and 6 dai, while one gene represented by AW310549 is down-
regulated approximately 30-fold (Fig. 4b). The lack of sustained upregulation and in some 
cases the actual downregulation of cell remodeling genes in the incompatible reaction is 
indicative of the fact that the syncytium is not sustained in the incompatible reaction for 
more than two or three days before it degrades. 
Numerous cellulases, endo-1,4-�E��glucanases, are altered in regulation in soybean roots 
upon SCN infection. Two genes encoding cellulases are increased in expression over 60-fold 
at 3 dai in the incompatible reaction, BI969418 and BI785739. The first, BI969418, decreases to 
10-fold over expression at 6 and 9 dai, while the second, BI785739, returns to control levels, 
while CF806812 increases over 50-fold in expression at 6 and 9 dai in the incompatible 
interaction (Klink et al., 2009a). In contrast in the compatible reaction, two genes, 
represented by CD394414 and BI971040, encoding cellulases are increased at 2 dai 5- and 10-
fold, respectively, while genes represented by BM091956 and BI968056 are increased 
approximately 28- and 46-fold at 5 dai. At 10dai two genes are increased over 36- and 78--
fold, MI968056 and BN091956, respectively (Ithal. et al. 2007b). 
Expansion of giant cells formed by RKN also requires extensive cell wall remodeling and 
modification. After infection with RKN (12 da i and 10 wai (weeks after infection)) soybean 
genes encoding cell-wall modifying xyloglucan endotransglycosylase/hydrolase and 
endoxyloglucan transferase A2 are differentially expressed (Ibrahim et al. 2011). These 
enzymes are known to have an important ro le in cell wall softening and degradation 
(Nishitani, 1998). In addition, some �E-endo-1,4-glucanases family members, involved in cell 
wall remodeling and expansion, were  shown to be up-regulated at both 12 dai and 10 wai. 
Many genes encoding endo-1,4-�E��glucanases family members were up-regulated at both 
time points, 12 dai and 10 wai (Ibrahim et al. 2011). This enzyme is also involved in cell wall 
remodeling and expansion. Some, members of the endo-1,4-�Ã-glucanase gene family are 
expressed in feeding cells formed by RKN and cyst nematode in tobacco plants (Goellner et 
al., 2001). The promoter of one of these genes is strongly activated in feeding cells formed by 
Meloidogyne incognita as indicated by strong GUS expression (Mitchum et al.; 2004). Also, 
there is an increase in expression of the gene encoding expansin A, which is consistent with 
other investigations, wherein th e expansin (LeEXPA5) genes in A. thaliana and tomato were 
shown to be up-regulated in developing giant cells after infection of roots with Meloidogyne 
(Jammes et al., 2005; Gal et al., 2006). Moreover, down-regulation of cellulose synthase and 
over-expression of pectinesterase that degrades pectin to pectate coincide with a breakdown 
of the cell wall during the early time points of infection with RKN. These results are 
consistent with those of Jammes et al. (2005), wherein genes encoding pectin esterases and 
pectate lyases were activated in Arabidopsis thaliana (roots after infection with Meloidogyne 
incognita and the cell walls loosening process occurred during the development of the giant 
cell as well. 
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GenBank number AW309342 experiences more than a 50-fold increase in expression at 2 dai 
and over 30-fold increase in expression at 5 dai in syncytia in the susceptible reaction. Only 
three genes encoding pectinesterase are overexpressed in syncytia of the incompatible 
reaction at 3 and 6 dai and one gene represented by BE658782 is over 5-fold decreased in 
expression. 
Nine genes encoding xyloglucanases are up-regulated in syncytia at 2 and 5 dai during the 
susceptible reaction. At 5 dai three genes, represented by GenBank numbers BU764179, 
AW707175, and BQ298739 are more than 15-fold increased in transcript abundance (Fig. 4a). 
Only four genes encoding xyloglucanases are up-regulated in syncytia during the 
incompatible reaction at 3 and 6 dai, while one gene represented by AW310549 is down-
regulated approximately 30-fold (Fig. 4b). The lack of sustained upregulation and in some 
cases the actual downregulation of cell remodeling genes in the incompatible reaction is 
indicative of the fact that the syncytium is not sustained in the incompatible reaction for 
more than two or three days before it degrades. 
Numerous cellulases, endo-1,4-�E��glucanases, are altered in regulation in soybean roots 
upon SCN infection. Two genes encoding cellulases are increased in expression over 60-fold 
at 3 dai in the incompatible reaction, BI969418 and BI785739. The first, BI969418, decreases to 
10-fold over expression at 6 and 9 dai, while the second, BI785739, returns to control levels, 
while CF806812 increases over 50-fold in expression at 6 and 9 dai in the incompatible 
interaction (Klink et al., 2009a). In contrast in the compatible reaction, two genes, 
represented by CD394414 and BI971040, encoding cellulases are increased at 2 dai 5- and 10-
fold, respectively, while genes represented by BM091956 and BI968056 are increased 
approximately 28- and 46-fold at 5 dai. At 10dai two genes are increased over 36- and 78--
fold, MI968056 and BN091956, respectively (Ithal. et al. 2007b). 
Expansion of giant cells formed by RKN also requires extensive cell wall remodeling and 
modification. After infection with RKN (12 da i and 10 wai (weeks after infection)) soybean 
genes encoding cell-wall modifying xyloglucan endotransglycosylase/hydrolase and 
endoxyloglucan transferase A2 are differentially expressed (Ibrahim et al. 2011). These 
enzymes are known to have an important ro le in cell wall softening and degradation 
(Nishitani, 1998). In addition, some �E-endo-1,4-glucanases family members, involved in cell 
wall remodeling and expansion, were  shown to be up-regulated at both 12 dai and 10 wai. 
Many genes encoding endo-1,4-�E��glucanases family members were up-regulated at both 
time points, 12 dai and 10 wai (Ibrahim et al. 2011). This enzyme is also involved in cell wall 
remodeling and expansion. Some, members of the endo-1,4-�Ã-glucanase gene family are 
expressed in feeding cells formed by RKN and cyst nematode in tobacco plants (Goellner et 
al., 2001). The promoter of one of these genes is strongly activated in feeding cells formed by 
Meloidogyne incognita as indicated by strong GUS expression (Mitchum et al.; 2004). Also, 
there is an increase in expression of the gene encoding expansin A, which is consistent with 
other investigations, wherein th e expansin (LeEXPA5) genes in A. thaliana and tomato were 
shown to be up-regulated in developing giant cells after infection of roots with Meloidogyne 
(Jammes et al., 2005; Gal et al., 2006). Moreover, down-regulation of cellulose synthase and 
over-expression of pectinesterase that degrades pectin to pectate coincide with a breakdown 
of the cell wall during the early time points of infection with RKN. These results are 
consistent with those of Jammes et al. (2005), wherein genes encoding pectin esterases and 
pectate lyases were activated in Arabidopsis thaliana (roots after infection with Meloidogyne 
incognita and the cell walls loosening process occurred during the development of the giant 
cell as well. 
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2.3 Plant defense system 
When a nematode invades a plant root, it must repress or control the plant defense 
response, so it can successfully establish its permanent feeding site (Caillaud et al., 2001). 
These defense responses may include the production of jasmonic acid and salicylic acid, the 
hypersensitive response, cell wall strengthening, the production of pathogenesis related 
(PR) proteins, and other cellular defense responses. There are changes in the expression of 
genes involved in many of these defense responses in both compatible and incompatible 
interactions of SCN with soybean and with RKN and soybean in the compatible interaction. 
Many of the same genes are altered in expression in both the compatible and incompatible 
interaction. However, the amount of change in transcript abundance may be very important 
and in some cases a gene is up regulated in one interaction and down regulated in another 
interaction 
 

 

 
Fig. 4. (A) Fold change in expression of genes encoding xyloglucanases in syncytia in a 
compatible interaction (S) at 2, 5 and 10 dai. Data from Ithal. et al. (2007b) and (B) an 
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2.3.1 Alpha-linolenic acid an d jasmonic acid biosynthesis  
The pathway leading to jasmonic acid biosynthesis is one of the pathways associated with 
pathogen resistance that was significantly affected by both SCN and RKN infection. In 
soybean there are several lipoxygenase gene family members. Several members of this gene 
family are expressed higher in the compatible reaction of SCN with soybean at 2, 5 and 10 
dai, specifically CF808603, CD409280 and BM092012, which are elevated 2.4- to 6.3-fold 
(Data from Ithal et al. 2007b). In contrast, in the incompatible reaction of SCN with soybean, 
several members of the gene family are down-regulated, while others are up- regulated, 
ranging between approximately -22- to 22-fold (Klink et al. 2007a). Genes encoding allene 
oxide synthase (AOS) and allene oxide cyclase (AOC) are not greatly changed in the 
compatible interaction at 2, 5 and 10 dai fold (data from Ithal et al. 2007b). However, three 
members of the AOS gene family are down regulated in the incompatible interaction at 3 
dai, while syncytia are forming.  Then expression of one gene family member is increased at 
6 and 9 dai as the syncytia collapse and become non-functional (Fig. 5 A; Klink et al. 2007b). 
Expression of genes encoding AOC is increased in syncytia during the incompatible 
reaction, especially at 3 dai, then decreases in expression at 6 and 9 dai (Fig. 5B; data from 
Klink et al. 2007a). A genes encoding 12-oxyphytodienoate reductase 1 (OPR1), represented 
by BI968944,  is strongly down-regulated in the compatible interaction of SCN with soybean 
roots (Ithal et al. 2007b), while a gene encoding OPR3, represented by BU765938, is up 
regulated 14-fold at 6 dai in the incompatible reaction (Fig 5C; Klink et al. 2007b). Thus, there 
is an increase in transcripts for specific gene members encoding enzymes through the 
pathway leading to JA biosynthesis in the incompatible reaction of SCN with soybean roots, 
while there is either no effect on genes encoding AOS and AOC or a decrease in transcript 
levels in the case of the gene encoding OPR1 in the compatible reaction. JA biosynthesis is 
one of the pathways affected in soybean roots by infection with RKN at 12 dai and 10 wai 
(Ibrahim et al., 2011). At 12 dai, most of the genes encoding enzymes encoding lipoxygenase 
family members were up-regulated. Lipoxygenase is important in the biosynthesis of 
oxylipins and it is important in the response  of plants during wounding and attack by 
pathogens (Gobel et al, 2001). Reduction of the expression of the gene encoding this 
lipoxygenase resulted in an increase in susceptibility of transgenic potato plants to insect 
attack (Gobel et al., 2001). Over-expression of the gene encoding lipoxygenase could mean a 
high accumulation of 9-HPOTrE, as it is one of the major products of lipoxygenase (Fig. 6). 
Interestingly, 9-HPOTrE is involved in the acti vation of the plant defense response directly 
or through its metabolites. In potato plants, 9- HPOTrE is produced in response to injury or 
infection. The role of 9-HPOTrE in the plant defense response suggests that there may be a 
new pathway leading to LOX-mediated defense responses (Reddy et al., 2000). The same 
results have been observed in pigeon pea seedlings after infection with Fusarium udum 
(Reddy et al., 2000). 
Transcript abundance of genes encoding lipoxygenase was much lower at 10 wai (weeks 
after infection) than at 12 dai in roots infected by RKN (Ibrahim et al. 2011). Three of seven 
gene family members encoding lipoxygenase were down-regulated. Also, all of the allene 
oxide synthase gene family members were greatly down-regulated at 10 wai  This suggests 
that at 12 dai the plant defense system is still struggling to fight the infection, but after 
prolonged infection (10 wai) most of the genes that encode enzymes responsible for the 
production of jasmonic acid were turned off in the compatible interaction. Genes in this 
pathway could be a target for testing to determine if resistance to nematode infection can be 
increased in transformed plants by over-expression of these genes.  
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Fig. 5. A) Fold change in expression of genes encoding allene oxide synthase (AOS);  (B) fold 
change in expression of genes encoding allene oxide cyclase (AOC) in sysncytia of an 
incompatible reaction of SCN with soybean; and C) fold change in expression of genes 
encoding 12-Oxyphytodienoate reductase in syncytia in a compatible interaction (C) at 2, 5 
and 10 dai (data from Ithal. et al. 2007b) and incompatible interaction (I) at 3, 6 and 9 dai 
(data from Klink et al. 2009b). Genes are represented by GenBank numbers.  
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2.3.2 Pathogen related protein (PR) and transcription factors: 
Pathogen related (PR) proteins are induced systemically by the interaction of a pathogen 
with its host (Van Loon & Van Strien, 1999).  PR-1 and PR-2 are induced by SA (Ohishima et 
al., 1990, Hennig et al., 1993), while basic PR genes are induced by JA (Niki et al. 1998).  
Genes encoding enzymes involved in JA synthesis were discussed above. Unfortunately, 
genes important to salicylic acid biosynthesis were either not represented on the microarray 
chip or were not annotated. However, genes encoding proteins of the PR-1, PR-2 and PR-5 
families were up-regulated at 3, 6 and 9 dai in the incompatible interaction of soybean with 
SCN, suggesting that salicylic acid or its derivatives may be synthesized at these time 
points.  
The PR1 gene, represented by CF806816, was increased 900, 2100 and 1600-fold at 3, 6, and 9 
dai, respectively in the incompatible interact ion of SCN with soybean, while the PR1 gene, 
represented by BQ628525, was over expressed 70, 240, 160-fold at 3, 6, and 9 dai (Klink et al. 
2009b). During the compatible interaction, few PR1 genes were increased in expression and 
only one gene, represented by BU548404, was increased over 10-fold (Ithal. et al., 2007b) and 
this was at 2 dai, when the nematode first initiates feeding. At 5 dai only two genes were 
increased in expression and this was at 5.6-fold and 2.8-fold, respectively. Only one PR-1 
gene was increased in expression at 10 dai in the compatible interaction and that was only 5-
fold increased in expression. Transcript levels of genes encoding PAL are also more strongly 
up-regulated in tomato roots displaying an incompatible interaction with the potato cyst 
nematode (Globodera rostochiensis), than in the compatible interaction (Uehara et al., 2010). 
Arabidopsis roots infected with beet-cyst nematode ( Heterodera schachtii), transcript levels of 
PR-1, PR-2, and PR-5 were increased, while PR-3 and PR-4 remained at similar levels to 
control plants (Hamamouch et al. 2010). Transcript levels of genes encoding PR-1 and PR5 
were also increased in the incompatible interaction of Arabidopsis with the RKN, M. 
incognita, while transcript levels of PR-3 were elevated to a lesser extent. PR-3 and PR-4 are 
different types of chitinase. Seven chitinase genes are increased in expression at 3 dai in the 
incompatible reaction of soybean with SCN; three are approximately 20-fold over-expressed. 
At six dai, three genes encoding chitinase are expressed; one is 74-fold; A second gene is 33-
fold increased in expression. No genes encoding chitinase are over-expressed in the 
incompatible reaction at 2 dai, and only one gene is over expressed at 5 and 10 dai, 6- and 
15-fold, respectively (Fig 6). PR10 genes, represented by X60043, CF921432 and CF805736, 
are increased in expression 200-fold or more at all time points in both the compatible and 
incompatible interactions of SCN with soybean roots. 
During the interaction of soybean roots with RKN, many genes encoding several PR 
proteinas were altered in expression (Ibrahim et al., 2011). Transcripts of the gene encoding 
PR-1 were increased 78-fold at 12 dai in the compatible interaction of soybean roots with 
RKN. After prolonged infection by RKN at 10 wai, transcript levels of two genes encoding 
PR-1 were 17- and 350-fold increased. Genes encoding chitinase (PR-3 and PR-4) were 
down-regulated 4.6-fold at 12 dai in the compat ible interaction of soybean roots with RKN, 
however, by 10 wai transcripts of two chitinase genes were up-regulated 15- to 26-fold, 
respectively. Transcripts of genes encoding PR-10 (SAM22) were increased 5- to 10-fold at 12 
dai and remained at a similar level at 10 wai. 
The increase in PR-1 protein suggests that there may be an increase in the level of salicylic 
acid. Interestingly, there are two different possi ble routes to salicylic acid production (Chen 
et al. 2009). Salicylic acid is known as a signal molecule for defense against nematodes 
(Branch et al., 2004). 
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Fig. 6. Fold increase in expression of chitinase genes in the compatible (C) interaction (data 
from Ithal. et al. 2007b) and incompatible interaction (I) at 3, 6 and 9 dai (data from Klink et 
al. 2009b). Genes are represented by GenBank numbers. 

The pathway that has the most scientific support involves isochorismate synthase 
(Wildermuth et al. 2001) and is not represented or is not annotated on the microarray. The 
other pathway involves phenylalanine. In the latter pathway, we found a high increase in 
the tyrosine aminotransferase enzyme (EC:2.6.1.5) which would lead to high level of 
phenylalanine. Genes encoding phenylalanine ammonia-lyase (EC:4.3.1.24) and salicylate 1-
monooxygenase (1.14.13.-) were over-expressed at 6.9 and 2.9 F.C, respectively. Loon et al. 
(2006) reported that the PR-1- type proteins and also proteinase inhibitors were induced in 
abscission zones, which suggest the involvement of these proteins in cell wall loosening and 
degradation of the scarified cells as a defense response against fungal and bacterial 
pathogens. Also, transgenic tobacco over-expressing PR-1 was more resistant to blue mold 
and black shank caused by Peronospora tabacina and Phytophthora parasitica f. sp. nicotianae, 
respectively (Loon et al., 2006). In addition, PR-3 and PR-4 showed chitinase activity that is 
required for embryogenesis during the globular stage in carrot (Loon et al., 2006). Genes 
encoding PR-3 and PR-4 family proteins are reported to be up-regulated by jasmonic acid 
and ethylene (Niki et al., 1998). Also, PR-4 showed ribonuclease activity against fungal 
protein in wheat (Loon et al., 2006). 

2.3.3 Phenylpropanoid biosynthesis 
The phenylpropanoid pathways leads to th e synthesis of coumarins, flavonoids, 
phytoalexins, lignins, and lignans, all which ca n play roles in plant defense. Several genes 
encoding enzymes in this complex pathway are up regulated in the incompatible interaction 
at 6 dai (Fig . 7; data from Klink et al. 2007b). And there are notable differences in the 
expression of genes encoding enzymes in this pathway between the compatible interaction 
at 2, 5 and 10 dai and the incompatible reaction at 6 and 9 dai. One major difference is in the 
expression of the genes encoding enzymes involved in the pr oduction of phenylpropanoids. 
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Fig. 7. Expression of genes encoding enzymes involved in phenylpropan oid biosynthesis (A)  
at 10 dai in a compatible reaction between Williams 82 with SCN and (B) at 6 dai in an 
incompatible reaction between cv. Peking and SCN are displayed on the KEGG pathway 
diagram. Enzyme commission numbers in the rectangles are provided by KEGG. Rectangles 
are colored light green for genes up-regulated in the first 50%, medium green for  genes up-
regulated in the 50 to 75 quartile and dark green for genes up-regulated in the top 25 %s. 
Enzymes colored in red are encoded by down-regulated genes using a similar scheme.  
Enzymes colored in yellow are encoded by more than one gene and different copies of that 
gene are up- and down-regulated, respectively. Rectangles colored light gray indicate that 
the genes encoding those enzymes are not annotated in our soybean microarray database. 

Phenylalanine ammonia-lyase (EC 4.3.1.34; PAL) can be considered a control point for entry 
into the phenylpropanoid pathway. There is no major change in expression of genes 
encoding PAL in the compatible interaction, ho wever at 3, 6 and 9 dai in the incompatible 
interaction genes encoding PAL are increased in expression, thus suggesting an increased 
metabolic flow into the pathway. Genes encoding PAL and represented by BI701520, 
CK606172, and AW351172 are 20- to more than 40-fold increase in expression over that time 
course (Klink et al. 2007a). Increased PAL enzyme activity has been noted in resistant tomato 
roots infected with RKN, while PAL activity  was depressed in susceptible tomato roots 
(Brueske, 1980). Similarly, in potato PAL activity is higher in resistant plants (Giebel, 1973) . 
Certainly certain genes involved in isoflavonoid production ar e increased in expression in 
the incompatible reaction. For example, the gene encoding chalcone synthase (EC 
2.3.1.74),represented by BQ081473, is more than 40-fold increased in expression at 3 and 9 
dai in the incompatible interaction, but there is no change in the compatible interaction, 
while one gene encoding chalcone isomerase is eleveated 4-, 6- and 17-fold in the 
incompatible interaction (Klink et al. 2007b). 
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Fig. 8. Expression of genes encoding phenylalanine ammonia-lyase (EC 4.3.1.24) at 3, 6 and 9 
dai after infection with SCN in an incompatib le interaction with soybean roots (Data from 
Klink et al. 2007b) phenylalanine ammonia-lyase (PAL; EC 4.3.1.24; Fig. 7; Data from Klink et 
al. 2007b).  

While microarray studies of genes expressed in the incompatible reaction of soybean plants 
against SCN revealed an increase in transcript levels of certain genes encoding enzymes 
involved in glycolysis/gluconeogenesis, jasmonic acid biosynth esis, phenylpropanoid 
biosynthesis, pathogenesis related proteins, flavonoid biosynthesis, and the methionine 
salvage pathway (Klink et al., 2010; Alkharouf et al., 2006), the expression of many genes 
encoding proteins having regulatory and signaling functions, such as cyclins, 
phosphokinases and transcription factors, were also affected. Genes encoding enzymes 
belonging to pathways depicted in KEGG and that were highly preferentially expressed 
were related to those KEGG pathways using PAICE software (Hosseini et al., in preparation) 
to make interpretation of the data easier. Thus, relationships among genes and pathways 
were recognized with less difficulty.   

3. Conclusions 

Soybean genes involved in glycolysis/gluconeogenesis are up-regulated during nematode 
feeding and several lines of evidence indicate that the gluconeogenesis is occurring. This 
would allow soybean cells to provide carbohydrates as an energy source to the nematode. 
Genes encoding enzymes involved in cell wall molding are up-regulated, including 
cellulases, pectinesterases and xyloglucanases. These increases in gene expression allow the 
development and expansion of the syncytiu m for nematode feeding. Genes encoding 
important enzymes involved in the synthesis of  jasmonic acid are down-regulated in the 
compatible interaction. This would quench the defense response controlled by jasmonic acid 
and related compounds and allow the nematode to grow and develop in a compatible 
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reaction. In general, genes encoding pathogenesis-related proteins are more highly 
expressed in the incompatible interaction and a gene encoding phenylalanine ammonia 
lyase is much more highly expressed in the incompatible interaction of soybean roots with 
SCN. Phenylalanine ammonia lyase is major gateway to phenylpropanoid metabolism and 
to the synthesis of numerous secondary compounds involved in plant defense, All of these 
data indicate that there is a stronger producti on of transcripts of genes encoding proteins 
involved in the plant defense response in the incompatible interaction, while transcripts of 
many of these genes are lower or the genes are down-regulated leading to a weaker defense 
response in the compatible reaction of soybean roots to SCN. Gene expression studies 
performed in soybean has resulted in the understanding gene expression during infection 
by SCN. The challenge to scientists now is in testing the function genes to understand the 
molecular circuitry occurring between plants and their parasitic nematodes so new methods 
of nematode control can be developed.  
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1. Introduction 

More than 100 fungal diseases affecting soybean (Glycine max (L.) Merr.) culture have been 
found worldwide, though only 35 of them are of great economic concern since they cause a 
10 to 15% yield decrease (Ivancovich & Botta, 2003; Yeh & Sinclair, 1980). 
In Argentina, “Late-cycle diseases” (LCD) constitute a complex of infections affecting the 
culture of this leguminous, particularly in the reproductive stages. The first symptoms 
appear from the onset of carpel formation, thus producing premature plant maturation, a 
reduction in yield (5 to 8%) and seed quality loss. Due to the climate conditions of the 
region, leaf blight and purple seed stain, is one of the LCD prevailing in the central-northern 
region of Santa Fe Province (Formento, 2005; Ivancovich & Botta, 2003). 
The causal agent of the disease is the fungus Cercospora kikuchii (T. Matsumoto & Tomoyasu) 
M.W. Gardner, which produces irregular injuries on th e leaves, forming reddish-purple 
necrotic areas, pale pink to dark purple stains on the seeds, together with cracks on the outer 
coat (Formento, 2005). C. kikuchii belongs to the Cercospora taxonomic complex, which is 
assumed to be host-specific (Crous & Braun, 2003), and therefore its species are normally 
identified from the phenotypic characterist ics they show when grown on their natural 
substrate, being much more difficult to be characterized from artificial media (Almeida et 
al., 2005; Gams et al., 2007). 
One of the most important factors determinin g the pathogenicity of this fungus is the 
production of cercosporin, a red exotoxin (Kuyama & Tamura, 1957; Upchurch et al.,1991). 
Another aspect to consider is the genetic variability found in some fungi, which has 
determined the description of different races; that is why the use of some methodology to 
detect inter- and intraspecific variations between isolates is recommended (Kuyama & 
Tamura, 1957). In this sense, the Random Amplified Polymorphic DNA (RAPD) technique 
allows the differentiation between strains si nce amplification focuses only on the whole 
genome (Tigano et al., 2003; Williams et al., 1990). 
Although some Brazilian research groups have been studying aspects related with this 
phytopathogen (Almeida et al., 2003) only a few reports have been found in Argentina and, 
in particular in Santa Fe Province, about epidemiology and population structure of  
C. kikuchii. 
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1. Introduction 

Soybean [Glycine max (L.) Merr.,] is considered a high quality source of oil and protein for 
food and feed. However, the several antinutritional factors ( lipoxygenase, trypsin inhibitor, 
lectin, and P34 allergen protein) present in raw mature soybean seeds. Soybean Kunitz 
trypsin inhibitor (KTI) protein has been proposed  as one of the major  antinutritional factor 
(Westfall and Hauge, 1948). KTI protein is a small, monomeric and non-glycosylated protein 
containing 181 amino acid residues. This 21.5 kDa non-glycosylated protein was first 
isolated and crystallized from soybean seeds by Kunitz (1945). KTI protein can cause the 
induction of pancreatic enzyme hypersecretion and a fast stimulation of pancreas growth, 
which is histologically described as pancreatic hypertrophy and hyperplasia (Liencer, 1995). 
Also, KTI may cause unfavorable physiologica l effects (Vasconcelos et al., 2001) and 
decrease weight gain in animals (Palacios et al., 2004). Proper heat processing is required to 
destroy KTI protein. However, excessive heat treatment may lower amino acid availability. 
The genetic removal of the KTI protein will impr ove the nutritional value of soybean.  From 
the USDA germplasm collection, two soyb ean accessions (PI157440 and PI196168) lacking 
the KTI protein have been identified (Orf an d Hymowitz, 1979). Based on the availability of 
soybean null lines lacking the KTI protein, it was suggested that KTI protein is not essential 
for soybean growth or development. Five electrophoretic forms of KTI have been 
discovered. The genetic control of four forms, Ti a, Ti b, Ti c, and Ti d, has been reported as a 
codominant multiple allelic series at a si ngle locus (Singh et al., 1969; Hymowitz and 
Hadley, 1972; Orf and Hymowitz, 1979). Orf and Hymowitz (1979) found that the fifth form 
does not exhibit a soybean trypsin inhibitor-A2 band and is i nherited as a recessive allele 
designated ti . Studies of amino acid and nucleotide sequences of polymorphic variants of 
KTI have revealed that there is a large sequence differences in nine amino acid residues 
between Ti a and Ti b (Song et al., 1993; Wang et al., 2004). Each Ti c, Ti d and Ti e differ by 
only one amino acid from Ti a type and Ti f differs by one amino acid from Ti b type (Wang et 
al., 2004). The Ti locus has been located on linkage group 9 in the classical linkage map of 
soybean (Hildebrand et al., 1980; Kiang, 1987), which is integrated in molecular linkage map 
A2  (chromosome number 8) of the USDA/Iow a State University soybean molecular linkage 
map (Cregan et al., 1999).  
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Spectral Remote Sensing of the Responses of 
Soybean Plants to Environmental Stresses  

Dora Krezhova  
Space and Solar-Terrestrial Research Institute, Bulgarian Academy of Sciences  

Bulgaria 

1. Introduction 

Precision agriculture, site-specific application of  inputs tailored to the needs of the crop, is 
one of the new ways that modern agriculture could potentially maintain or enhance crop 
yields and minimize environmental pollution. Knowledge about variations in vegetation 
species and community distribution patterns, alterations in vegetation phenological cycles, 
and modifications in the plant physiology and mo rphology provide valuable insight into the 
climatic, edaphic, geologic, and geophysical characteristics of Earth’s areas (Janetos & 
Justice, 2000). During the past decade remote sensing techniques have been widely used to 
monitor crops throughout their growing period to help in making decisions for good 
agricultural practices. Spectral remote sensing methods provide the possibility for early, 
efficient, objective, and non-destructive evaluation of plant responses to different stress 
factors of the environment (Campbell et al., 2007; Govender et al., 2009; Li et al., 2010). Field 
remote sensing applications addressed agriculture and forestry survey , fire detection and 
fire-fuel mapping, mineral mapping, and atmospheric modelling. Airborne, space-borne 
and hand-held technologies are commonly used to investigate the spectral responses of 
plants. Hyperspectral remote sensing makes possible to enhance significantly the spectral 
measurement capabilities over conventional remote sensing sensor systems, as well as to 
improve the spectral information content. This entails detailed assessment of the changes in 
the physiological stage of plants in response to the changes in the environment (Zarco-
Tejada et al., 2002; Steele et al., 2008a), detecting of early-stage vegetation stress (Krezhova et 
al., 2005; Ouyang et al., 2007), discriminating land cover types (Flamenco-Sandoval et al., 
2007), leaf pigment concentrations (Coops et al., 2003), modelling quantitative biophysical 
and yield characteristics of agricultural crops (Delalieux et al., 2009a; Chatzistathisa et al., 
2011).  
Ground-truth is essential for detecting plant stress, and two commonly used ground-based 
optical methods, leaf spectral reflectance and chlorophyll fluorescence, are reviewed for 
their usefulness and practical application. When these methods were combined with 
remarkable advances in Global Positioning System (GPS) receivers, geographic information 
systems (GIS), and enhanced crop simulation models, remote sensing technology has the 
potential to transform the ways that grower s manage their lands and implement precision 
farming techniques (Upchurch,  2003; Hatfield, et al., 2008; Shuanggen & Komjathy, 2010). To 
obtain accurate and complementary comparative assessments for plant responses to the 
environmental changes, methods have been applied from different research fields - remote 
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sensing, plant physiology, biochemistry, virology, etc. Early detection of stress could 
identify plant physiological condition at larger  spatial and temporal scales before visible 
effects are apparent (Krezhova et al., 2009a; Chatzistathisa et al., 2011). 
Soybean (Glycine max L.) is one of the most important and valuable agricultural species of 
legume, as its high protein content is of pr imary importance for human food and animal 
feed. Soybean is the leading oilseed crop produced and consumed worldwide. Fat-free 
soybean meal is a primary, low-cost, source of protein for animal feeds and most pre-
packaged meals, as well as a good source of protein for the human diet. The soy vegetable 
oil is another valuable product of processing the soybean crop and a biofuel feedstock 
(FAOSTAT, 2011). 
Soybean yields have steadily increased in the past 30 years owing to a combination of 
genetic and management improvement. Rapid soybean demand increases in the last decade 
challenge the reliability of supply, stock levels, and reasonable pricing. In order to meet the 
demand, there are two alternatives: increase planted hectares or increase yield. Increasing 
soybean hectares by substituting for other crops (e.g. sunflower in Argentina or cotton in the 
United States), utilizing pasture (e.g. Santa Fe, Argentina or Mato Grosso, Brazil) or 
replacing native vegetation (e.g. cerrado in Brazil) has been the most expedient manner to 
increase soybean output (Masuda & Goldsmith, 2009). Going forward available farmland for 
soybean production will be limited by decreasing quantities of land not already in 
production, increased farmland loss for urbanization, heightened sensitivities about 
agricultural uses of land, and weak property righ ts in regions such as Africa that constrains 
the employment of modern agricultural me thods (Goldsmith, 2008). Although soybean use 
for biodiesel production may require expansion of land area devoted to soybean in some 
parts of the world, such an expansion is not likely in Europe and North America. Hence, 
yield increases will become the major source for sustaining further increases in soybean 
production, particularly in these two significan t regions of the world. The design of soil and 
crop management strategies that fully exploit the climatic and genetic yield potential of 
soybean remains a key challenge to achieve this goal (USDA, 2009). 
Gene transformation and genetic engineering are likely to be of assistance in increasing crop 
yields worldwide, particularly in less-develo ped areas affected by low crop productivity 
and malnutrition. Crop transformations restrict ing the influence of biological pests could 
contribute to increased crop productivity (M iflin, 2000). Once pests are controlled, either 
using genetically improved plants or various management options, the further step could be 
to increase the inherent yielding capability of  plants. Yield potential may be increased by 
improving of the overall physiological capacity  of plants and by preventing the negative 
consequences of abiotic stresses. Increasing leaf photosynthetic rates appear to be a 
straightforward way of increasing crop yields. Considerable physiological research has been 
carried out to select and breed for genotypes with superior photosynthetic rates, and was 
successful in identifying such cultivars in maize, wheat an d soybean (Masclaux et al., 2001; 
Habash et al., 2001; Sinclair et al., 2000). In soybean, the trait is inherited quantitatively (Sall 
& Sinclair, 1991).  
To achieve high yield potential, soybean must sustain high photosynthesis rates and 
accumulate large amounts of nitrogen (N) in seeds. It exists in leaves primarily as ribulose 
biphosphate carboxylase/oxygenase and there is generally a strong relationship between N 
per unit leaf area and photosynthesis (Sinclair, 2004). Biological nitrogen fixation (BNF) and 
mineral soil or nitrogenous fertilizers are the ma in sources of meeting the N requirement of 
high-yielding soybeans. However, antagonism  between nitrate concentration in the soil 
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solution and the nitrogen fixation process in the nodules is the main constraint the crop 
faces in terms of increasing N uptake when no other abiotic stress that reduces BNF activity 
occurs. A number of reviews have been published on BNF in legumes (Unkovich & Pate, 
2000; Hardarson & Atkins, 2003) and soybean in particular (Hungria et al., 2005, Hungria et 
al., 2006). However, these summaries were mostly qualitative and did not emphasize the 
role of BNF and inherent soil fertility in high-yielding soybean systems. Likewise, many 
studies evaluating the response of soybean to N fertilization show conflicting results that 
make it difficult to draw a general conclusion about soybean response to N fertilizer (Ray et 
al., 2005; Osborne & Riedell, 2011). 
In sustained agronomic systems, both the BNF and an adequate management of the organic 
matter, play important roles. However, the BNF importance as a source of N for agriculture 
has diminished in recent decades as increasing amounts of fertilizer N have been used for 
the production of food and cash crop. Currentl y, it’s of great practical importance because 
the use of nitrogenous fertilizers has resulted in unacceptable levels of water pollution 
(increasing concentrations of toxic nitrates) and eutrophication of lakes and rivers (Barker & 
Sawyer, 2005; Salvagiotti et al., 2008). Thus, legumes are also essential to improve the soil 
fertility and quality of agricultural lands and to reclaim eroded or barren areas, making 
them crucial for agricultural and environmental sustainability (Saikia & Jain, 2007). 
However, legume BNF in crop species is very sensitive to environmental constraints such as 
salinity, drought, and light  in particular (Ibanez et al., 2008; Salehi et al., 2008; USDA, 2009).  
Many fundamental studies are dedicated on how plants detect and respond to stresses in 
their environment. The stress factors cause changes in the normal physiological processes of 
all cultural and wild plants. They influenc e the metabolism, photosynthesis and enzyme 
activity, and lead to a dramatic reduction of  yields and to deterioration of the output 
quality. The physiological condition of plants  is indicative of plant productivity and 
adaptability to stress and it is a general indication of the environment in which they grow 
(Alia et al., 2006; Gray et al., 2010). Research on biotic stresses includes the molecular 
mechanisms used by viruses, bacteria, fungi, and nematodes to incite disease and those used 
by plants to resist infection (Li et al., 2008; Yang et al., 2009; 2008; Delalieux et al., 2009b). 
Research on abiotic stresses includes molecular mechanisms by which plants resist such 
unfavourable conditions as drought, flooding, chilling, light, excess salts, toxic metals, and 
pollutants (Flawers, 2004; Jones, 2007; El-Nahry & Hammad, 2009). 
Soil salinity is one of the widespread enviro nmental factors and the major factor limiting 
plant production in many areas of the world. This is especially true in arid and semi-arid 
regions of the world like some regions of Bulgar ia. Salinity influences almost every aspect of 
the physiology and biochemistry of plants (Arida & Das, 2005). High exogenous salt 
concentrations affect seed germination, water deficit, cause ion imbalance of the cellular ions 
resulting in ion toxicity and osmotic stress (You sfi et al., 2007; Singha et al., 2010). As with 
most cultivated crops, the salinity response of legumes varies greatly and depends on such 
factors as climatic conditions, soil properties and the stage of growth. One of the important 
impacts of salinity on plants is that it essentially creates a physiological drought in plants 
(Munns, 2002). The ability to monitor or evalua te the efficiency of cropping production 
systems in saline areas can be significantly improved by applying remote sensing 
techniques (Thenkabail et al., 2004; Campbell et al., 2007). 
Light is one of the most important environmen tal factors regulating plant development and 
the expression of plant genes. A plant’s ability to maximize its photosynthetic productivity 
depends on its capacity to sense, evaluate, and respond to light qu ality, quantity, and 
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1. Introduction 

Light polarimetry is a useful tool by which to analyze the modification in the shape and 
orientation of the field vectors of the electr omagnetic radiation which propagates through 
scattering medium. Among the methods availabl e to analyze turbid media, the use of 
polarized light has attracted much attention recently, as it has been discovered that multiply 
scattered photons still maintain partial polari zation. [1-4] A typical experiment entails 
launching a known polarization state in ligh t into a turbid sample and measuring the 
polarization properties of the reemitted lig ht. The detected signal depends on many 
variables, including the number and nature of  scattering events, the incident polarization 
state, and the detection geometry. [5-7] In the past few years, several groups have shown 
how polarization sensitive scattering measurements can be used to measure certain 
properties of turbid medium such as the average particle size,  [8] scattering coefficient, 
anisotropy factor of particle suspensions , [9] optical material characterization, [10-11] and 
the study of biological materials. [11-13] An optical polarizers and retarders are rotated to 
provide additional incident and analyzed polari zation states to enable the reconstruction of 
the 2-D Mueller matrix of various biological sa mple [14-15]. It has also been shown that the 
benefits of using polarized light can be combined with different optical modalities. For 
example, the benefit of using of polarized light in optical coherence tomography (OCT) 
measurements can significantly improve image contrast. [16-17]��
Furthermore, the measurement of polarization parameters of the light scattered benefits 
from a relatively simple, fast, and convenient  data acquisition procedure, [18-19] which 
motivates the ongoing efforts aimed at furt her developing the scattering polarization 
imaging technology. If some of the light retain ed its polarization properties upon multiple 
scattering at 1800 transmittion mode  and this effect could be quantified and exploited, 
potentially useful measurements could be made in almost any clinical situation. Since light 
in the visible and infrared regions of the electromagnetic spectrum is not harmful to 
biological tissues at moderate flounce levels, has a penetration depth of several millimeters, 
and has a reasonable chance of scattering out of the tissue and being detected, it would be 
ideal for making noninvasive measurements. Other practical reasons for studying the 
behavior of light at 180° would be for the possibility of spatial imaging to map out the 
locations of sample structures and compositions, and to gain a better general understanding 
of turbid systems. [20-22]��
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1. Introduction 

Revolution in plant biotechnology can be categorized into in vitro culture and genetic 
transformation. Plant regeneration was successfully achieved in 1950’s while production of 
transgenic plant was accomplished in 80’s. For production of transformants, in vitro 
culturing strategies are prerequisite.  
Soybean has been cultured through organogenesis and embryogenesis but still it is 
considered recalcitrant. Many explant types has been subjected for shoot induction but 
immature cotyledons and cotyledonary node of  mature seeds got attention in recent years 
due to high number of shoot production in less time period. But still nature of culture 
media, application of plant growth regulato r and environmental conditions affect on 
regeneration efficiency. If all constrains are consistent, genotype dependency along with age 
of explants can not be neglected. 

2. In vitro manipulation of plants 

Plant cell and tissue culture or in vitro manipu lation of plant is the key of modern plant 
biotechnology. Whole plant can be regenerated under aseptic conditions (in glass vessels) 
using tissues and even cell when provided balanced nutritional conditions. This technology 
successfully lead to production of elite cult ivars, conservation of endangered plant, 
production of virus free plant, safeguarding  of germplasm and production of secondary 
metabolites. Beside all these, establishment of culturing protocol is main principle in near 
about all transgenic plant production strategi es. Ability of cell to generate into whole 
organism is attributed to totipotency and pl ant cells are unique in this case. However, 
understanding culture conditions with regard to plant species and explant type is critical for 
development of reliable system. The physiology of explant is more important because stage 
and age of explant respond differentially unde r same conditions. While, some plant species 
can be easily propagated and some species demand variability in growth regulator(s) 
concentration(s).  
The development of successful tissue culture procedure demand appropriate physiological 
and chemical conditions. Physiological settings include temperature, pH, light and 
humidity. As a matter of concern, plant cells and tissues have capability to accommodate 
minor variations in these parameters. Howeve r, regarding chemical environment, that 
include growth medium and hormone, a li ttle variation may wrench the ability of 
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1. Introduction 

Soybean, the most cultivated plant in the world, is rich in proteins (40–50%) and contributes 
many essential nutrients and health-promoting bioactive compounds. Fermented soybean 
products including soybean paste and soybean curd, etc. are consumed in considerable 
amounts in Asian countries such as China, Japan, and Korea for a long history. Nowadays, 
they are considered as healthy foods and soy sauce become quite popular all over the world. 
The fermentation process improves the nutritional quality of the soybeans and contributes 
to the elimination of trypsin inhibitors (Kim et al., 2010). They are known to be highly 
digestible and nutritious, and affect a number of physiological activities such as 
antioxidative activity (Lin et al., 2006), fibrinolytic activity, lowering of blood pressure, and 
prevention of osteoporosis (Kim et al., 2011). Fermentation starters are essential for the 
production of fermented soybean products. Microorganisms including Bacillus, Aspergillus, 
and Rhizopus species and proteases are commonly used as a starter for fermenting soybeans. 
Proteases produced from microorganisms are widely used for baking, photographic, 
brewing, fermentation, protein hydrolysates, gelatin industries, meat, leather, and 
detergents, etc. (Murakami et al., 1991). In this study, salt-tolerant acid proteases and their 
application in the manufacture of fermented soybean products are discussed.  

2. Fermented soybean product 

2.1 Soybean paste 
Soybean paste was originated in China about 2,500 years ago. It is commonly known as 
Jiang in China, Miso in Japan, Doenjang in Korea, Tao-tjo in Indonesia and Thailand, and 
Tao-si in Philippines. There are series of soybean paste products in each country. Though 
they are made with soybean and cereals in the presence of salt, they have special tastes and 
flavors because of the different ratio of substrates, salt concentration, and the length of 
fermentation and aging (Fukushima, 1979). The salt concentration of fermented soybean 
paste is ranged from 4-11%, and the pH is about 5 (Shibasaki and Hesseltine, 1962). Soybean 
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