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Preface

Plants are important for a permanent ecosystem, because in the ecological pyramid
plants support all the other living organisms at the base. Very important organi-
zation is thought to be the integral process of resource, transport, partitioning,
metabolism, and production, which involves yield, biomass, and productivity in
plants. Accordingly, it is important to obtain more information about the knowledge
concerning yield, biomass, and productivity in plants.

Soybean is one of the main crops largely contributing to our life, which is thought
to be connected to our ecosystem through the above-mentioned integral process.
This book focuses on the soybean, and reviews and research concerning the yield,
biomass, and productivity of soybean are presented herein. This text updates the
book published in 2017.

Although there are many difficulties, the main aim of this book is to present a basis
for the above-mentioned integral processes of resource, transport, partitioning,
metabolism, and production, which involves yield, biomass, and productivity

in plants (soybean), and to understand what supports this basis and the integral
process.

It is hoped that this and the preceding book will be essential reads.

Minobu Kasai, PhD

Professor,

Department of Biology,

Faculty of Agriculture and Life Science,
Hirosaki University, Japan






Chapter1

Fungicidal Activity of Soybean Oil
against Powdery Mildew on Wheat

Kirstin V. Wurms, Annette Ah Chee and Paul Sutherland

Abstract

Products derived from soybean crops are not only global food staples, but are
also used in pharmaceuticals, industry, and agriculture. Soybean oil (SBO) and
other oils are often used as adjuvants in agricultural sprays to facilitate spread of
the active ingredient (a.i.) across the plant surface. This chapter describes original
research in which a natural fungicide (biofungicide) was formulated using SBO as
the a.i. Antimicrobial activity of SBO against a powdery mildew (PM) pathogen,
Blumeria graminis f. sp. tritici, was measured, as well as effects on plant health and
yield of wheat plants. Results were compared with a conventional fungicide and
another lipid biofungicide. The mode of action was investigated using scanning
electron microscopy. Results showed that SBO provided PM control equal to the
conventional fungicide when plants were adequately spaced and caused collapse
of fungal structures and extrusion of cell contents. Commercialisation potential of
SBO biofungicide is discussed.

Keywords: biofungicide, horticultural oils, powdery mildew, scanning electron
microscopy, soybean oil, wheat

1. Introduction

Soybean (Glycine max), a species of legume native to East Asia, is economi-
cally the most important bean in the world, providing vegetable protein for mil-
lions of people and animals and ingredients for hundreds of chemical products
including pharmaceuticals, cosmetics and biofuels [1]. Soybeans have a myriad
of health benefits for humans including their ability to stimulate metabolism,
promote heart health and osteotropic activity, protect against cancer, prevent
birth defects, aid digestion, increase circulation and decrease the risk of diabe-
tes [2], but in this chapter we focus on the use of soybean oil (SBO) in agricul-
ture to improve plant health.

Soybean oil is a vegetable oil that is solvent-extracted from pressed seeds of
soybean, followed by refinement, blending and optional hydrogenation, and is one
of the world’s most widely consumed edible plant oils [3, 4]. While plant-derived
oils, such as SBO, are predominantly used in agriculture as an adjuvant to aid the
spread of pesticides over plant surfaces and also to help the pesticide to stick to the
plant surface [5, 6], SBO is also directly antimicrobial against a range of powdery
mildew fungi [7-10], Botrytis cinerea [11] and bacteria such as Staphylococcus
aureus and Escherichia coli [12]. In addition, SBO has insecticidal activity against
mites [13], whitefly and aphids [14, 15] and insects associated with stored grain
products [16] . However, there are few commercial products in horticulture that

1 IntechOpen
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use plant oils as the active ingredient (the most notable exception being neem oil),
with most spray oils comprising mineral oils that are refined from petroleum.
Commercial development of SBO as a pesticide offers the advantages of reduced
reliance on petroleum products, and the use of an edible oil is considered to be less
toxic to human health and the environment. However, fats and oils are often asso-
ciated with chlorosis and necrosis of plant tissue [13, 17-19], and other problems
include inconsistent activity, handling and application difficulties, spoilage and
development of unpleasant odours, and these issues need to be considered when
developing a SBO fungicide.

Powdery mildew (PM) disease is characterised by fluffy white lesions on the
surfaces of aerial plant tissues. It is caused by pathogens from the Erysiphales
order and is responsible for significant yield losses globally in crops such as cucur-
bits, apples, roses, tomatoes, grapes and various cereals such as wheat and barley
[20, 21]. PM is one of the most economically damaging plant diseases around the
world. For instance, losses to barley PM in the State of Western Australia have
been estimated at $30 million (AUD) annually [22]; losses account for approxi-
mately 15% of total crop revenue for American North Western hop growers, which
equated to over $30 million USD in the year 2000 [23]; and the introduction of
PM-resistant grape varieties into the State of California alone has been estimated
to yield $48 million (USD) in annual cost savings [24]. There are serious limita-
tions with existing PM control methods, such as pathogen resistance to demeth-
ylation inhibitor fungicides [25, 26]. Moreover, synthetic pesticide use has been
clearly linked to human health concerns such as increased incidence of respiratory
disease and cancer [27]. There are also limitations on the use of sulphur and
copper-based fungicides, considered to be more natural fungicides, in organic
systems because sulphur can act as a nose and eye irritant [28] and because heavy
metals like copper accumulate in soils with intensive copper fungicide use over
time, resulting in phytotoxicity [29]. These issues are driving the development
of biofungicides (fungicides comprising biological control agents and/or natural
products) that are suitable for both organic and conventional growers, considered
safer in terms of human health and which provide an environmentally benign
option for durable disease control. Furthermore, PM strains mutate and develop
resistance rapidly to synthetic pesticides, but there are few documented instances
of resistance development to oils [30, 31]. Biofungicides can be used as standalone
products, or in integrated disease control programmes that combine treatments
with multiple modes of action, to reduce the application number of traditional
synthetic pesticides and to delay the onset of resistance.

The principal aim of this study was to investigate the potential of SBO as a
biofungicide to control powdery mildew. To achieve this aim, SBO effects on dis-
ease control efficacy and plant health and yield were compared under regulated
conditions found in a controlled environment room and a glasshouse versus the
more variable conditions in a field situation. SBO performance was also com-
pared versus conventional fungicides and another lipid biofungicide-emulsified
anhydrous milk fat (AMF) from cows’ milk, since SBO and AMF were the two
top candidates from a preliminary study investigating lipid biofungicide action
against PM [32]. Product mode of action (MoA) was also investigated using
scanning electron microscopy (SEM), because knowledge of the MoA permits
a product to be used more effectively in relation to timing and mode of applica-
tion, and helps to manage the risk of target organisms developing resistance to
the control product [33, 34]. MoA is also often necessary for product registration.
Wheat (Triticum aestivum) was chosen as the ideal crop for this study because it
is a global food staple for which PM is a common disease problem [35, 36] and
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because wheat plants can be easily and quickly grown. Given that the leaf surface
of wheat is non-hairy and robust, it is also more likely to produce clear images
in SEM following sample preparation by cold stage freezing and sputter coating
with gold.

Findings obtained from the data are discussed with respect to the commerciali-
sation potential of SBO biofungicide.

2. Controlled environment (CE) room and glasshouse trials
2.1 CE trial methods

PM-susceptible ‘Endeavour’ wheat plants, were sown at a density of four plants
per 12 cm diam. pot. Plants were maintained in two blocks (1 pot/treatment/block)
in a CE room at 20°C with a 16-hour photoperiod. After 1 week, the experimental
plants were artificially inoculated by taking potted wheat plants infected with
Blumeria graminis £. sp. tritici (formerly classified as Erysiphe graminis £. sp. tritici)
(wheat PM), and trailing the infected leaves from these plants across the leaf
surfaces of the healthy plants, such that spores from lesions on the infected leaves
would brush off onto the healthy wheat plants. Treatment application (Table 1)
commenced when the plants were 2 weeks old and at plant growth stage (PGS) 1,
as defined by [37]. Leaves were sprayed to run-off (i.e., the point where the leaf is
completely saturated and liquid starts to drip off the leaf) using a hand-held spray
bottle (500 mL Garden Trigger Sprayer, Hills, Australia), with a total of 9 spray
applications applied over a course of 7 weeks (2 sprays/week for the first fortnight,
and 1 spray/week thereafter).

The first disease assessment (designated time 0) was made immediately
before the first treatment application, followed by an assessment after 7 weeks
(PGS = 8-10). Disease severity on the three most basal leaves of each plant was
assessed using percent leaf area infection diagrams (Figure 1), and the rating scale
shown in Table 2. Disease ratings for the three leaves were averaged to give one
value per plant. Disease assessments had to be made on different leaves on each
assessment date, because as the plants mature, the most basal leaves wither and die,

Treatment Treatment code
Unsprayed control—no fungicides Unsprayed
Water control Water

Amistar® WG fungicide1 (04¢g/L) Amistar

AMF (7 g/L) + DATEM? (5 g/L) + Grindox* 122™ (1 g/L) AMF

Soybean oil’ (20 g/L) + DATEM (5 g/L) + Grindox 122™ (1 g/L) SBO

! Amistar® WG fungicide, containing 250 g/L azoxystrobin active ingredient, was supplied by Syngenta, Basel,
Switzerland, and is effective against both powdery mildew and rust pathogens.

2AMF = anhydrous milk fat—a highly saturated solid milk fat, obtained from New Zealand Milk Products Ltd.
(now trading as Fonterra).

’DATEM = an emulsifier containing diacetyl tartaric acid esters of mono- and di-glycerides. Sold by Danisco Ltd.,
Brabrand, Denmark as: Panodan® AL 10.

“Grindox 122™ = an antioxidant produced by Danisco Ltd., Brabrand, Denmark.
SSoybmn oil (Amco brand) was obtained from the supermarket.

Table 1.
CE voom wheat trial treatments.
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so data from each assessment date were analysed separately by SAS, version 8.02
(SAS Institute, Cary, NC), using a nested design, with treatments nested within

pots and plants within treatments and pots.

POWDERY MILOEW OF CERFALS

Moy Mo L4

T —

!_:EF'_LE e

& -
-

i
J U

PIRCENTAGE LOAF A& COVERED

Figure 1.
Standard disease arvea diagrams to show four severities of wheat powdery mildew infection, from [37].

Percent leaf area infected

Rating

0 No infection

1 1% infection
1.5 1-5% infection
2 5% infection
25 5-25% infection
3 25% infection
35 25-50% infection
4 50% infection
4.5 >50% infection

Table 2.

Wheat powdery mildew (PM) leaf disease rating scale, from James [37].

1
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2.2 CE trial results and discussion

At time 0, there were no consistent treatment differences evident (Figure 2),
but after 7 weeks, “Amistar”, “AMF” and “SBO” all provided significantly greater
control of PM than “Unsprayed” and “Water” treated controls (Figure 3), and the
amount of disease on plants treated with “AMF”, “SBO” and “Amistar” was lower
than that recorded at time 0, i.e. before any treatment application (Figure 2 vs.
Figure 3).

There were no visual signs of leaf damage associated with the treatments.
(Figure 4).

Thus, under the controlled conditions of the CE room, SBO could perform as
effectively as both the commercial fungicide Amistar and the AMF biofungicide,

1.6 -

1.4 4 . Unsprayed
o 19 . . % +* \Waler
-E ’ A - mAmistar
e 17 e | AAMF
@ g - . x SBO
g [ |
2 £8 Treatment
(] d
= 0.4 LSD = 0.44
o 0.2 -

0 T v
Block 1 Block 2
Block #

Figure 2.

PM disease severity on the basal leaves of ‘Endeavour’ wheat plants from the controlled environment (CE)
wheat trial at time = o, i.e. prior to any treatment application. Treatment codes are given in Table 1. The least
significant difference (LSD) bar applies to within-column comparisons only, owing to the hievarchical nature
of the nested design, where the number of replicate plants (n) for each data point on the graph = 4.

B
4.5 4 & [+ Unsprayed |

E 4 - . +Water
'ﬁ 3.5 4 = Amistar
14 3 A AMF
e 25 | Treatment I | xSBO
8, LSD =0.37
2 1
015 4
2

0 4 : x .

Block 1 Block 2
Block #

Figure 3.

PI\% disease severity on the basal leaves of ‘Endeavour’ wheat plants from the CE trial at time = 7 weeks, i.e.
after 7 weeks of treatment application. Treatments are described fully in Table 1 and comprised leaving the
plants unsprayed, or spraying with water, Amistar® fungicide or emulsified anhydrous milk fat (AMF) or
soybean o0il (SBO). The LSD bar applies to within-column comparisons only, owing to the hievarchical nature
of the nested design, where n for each data point on the graph = 4.
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Figure 4.

‘Endeavour’ wheat plants in the CE room that have (A) not received any protection against PM (treatments
“water” and “unsprayed”); or (B) were sprayed with ‘AMF”, “SBO” or “Amistar” fungicides. The fungicides
provided effective control of PM, without any visual adverse effects on plant health.

in terms of disease control and lack of adverse effects on plant health. Given that
disease severity measured at the end of the experiment (after 7 weeks of treatment
application) was lower than the disease severity measured at time O (before treat-
ments commenced), this might suggest that all three fungicides have eradicant as
well preventative activity against PM on wheat. However, this conclusion cannot be
made for sure until assessments are made on whole plants throughout the course of
the experiment, since different leaves were assessed at the start and the end of the
CE experiment, owing to natural attrition of the oldest leaves.

2.3 Glasshouse trial methods

For the glasshouse trial (performed during February-March in Hamilton, New
Zealand), the setup was similar to the CE trial, except that wheat seeds were sown
into 6.75 L black polythene planter bags (PB12, Easy Grow Ltd., New Zealand).
There were four replicate bags of four plants/treatment, and one replicate bag from
each treatment was randomly positioned on a separate table (block). Treatments
were the same as in the CE trial, except for omission of the unsprayed control. A
total of seven spray applications were made throughout the course of the experi-
ment (1 spray for the first fortnight, and 1 spray/week thereafter). Treatment
application commenced when the plants were 11 days old and at plant growth stage
(PGS) 1, as defined by [37].

Disease severity on the three most basal leaves/plant was assessed as described in
the CE trial, with the initial disease assessment (designated Time 0) made immedi-
ately before the first treatment application, followed by an assessment after 7 weeks
(PGS = 9-10.3). At the end of the trial, plants were considerably larger than those
in the CE trial, so an additional disease assessment was also made at week 7 on the
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whole plant rather than the three most basal leaves, using the scale defined in [38],
as shown in Figure 5 and Table 3. Experimental design and statistical analysis was
the same as for the CE trial.

2.4 Glasshouse trial results and discussion

Only data from the first (time = 0) and last (time = 7 weeks) disease assessments
are presented. At time 0, disease levels in block 1 were significantly higher in the
“Water” control than all other treatments, but this trend was not repeated in other
blocks, and overall there were no consistent treatment differences evident at the
start of the experiment (Figure 6). After 7 weeks, “Amistar”, “AMF” and “SBO”

SCALE FOR APPRAISING FOLIAR
INTENSITY OF WHEAT DISEASES

Figures.
PM disease severity on whole wheat plants, from [38] .

Numeric Characteristics

scale

0 Free from infection.

1 Very resistant. Few isolated lesions on lowest leaves only.

2 Resistant. Scattered lesion on 2nd set of leaves, with first leaves infected at light intensity.
3 Moderately resistant. Light infection of lower third of plant.

4 Low intermediate. Moderate to severe infection of lower leaves, with scattered to light

infection extending to the leaf immediately below the mid-point of the plant.

5 Intermediate. Severe infection of lower leaves, with moderate to light infection extending to
the mid-point of the plant, but not beyond.

6 High intermediate. Severe infection of the lower third of the plant, moderate degree on middle
leaves, and scattered lesions beyond the mid-point of the plant.

7 Moderately susceptible. Lesions severe on the lower and middle leaves, with infections
extending to the leaf below the flag leaf, or with trace infections on the flag leaf.

8 Susceptible. Lesions severe on lower and middle leaves. Moderate to severe infection of upper
third of plant. Flag leaf infected in amounts more than a trace.

9 Very susceptible. Severe infection on all leaves, and the spike infected to some degree.

Table 3.
Scale for appraising foliar intensity of wheat diseases on whole plants, from Saari & Prescott [38].
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all provided significantly greater control of PM than “Water” treated controls,
regardless of whether disease severity was measured on the three most basal leaves
(Figure 7), or the whole plant (Figure 8). All three fungicides performed as well as
each other. In all blocks, the amount of disease on whole plants treated with “AMF”,
“SBO” and “Amistar” was lower than that recorded at the start of the experiment,
i.e. before any treatment application (Figure 7 c.f. Figure 8). This suggests that
eradicant activity may be possible, under low initial inoculum loads (at the start of
this experiment, there was <1% leaf infection) and corroborates the results found in
the CE trial. However, the glasshouse environment is still relatively controlled and
the plants are more widely spaced than in a field experiment, so field testing was the

next step in the research.

0.6 5
+Water
mAmistar

0.5 1 ad A & AMF
o ©SBO
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@
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@ LSD =0.29
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(=]
= 0.2 1
o

[ | u
0.1 4
0 = T S T T L
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Figure 6.

Average PM disease severity on the basal leaves of ‘Endeavour’ wheat plants in the glasshouse trial at time = o,
i.e. prior to any treatment application. Treatment codes are given in Table 1. The LSD bar applies to within-
column comparisons only, owing to the hievarchical nature of the nested design, n for each data point on the

graph = 4.
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Figure?7.

Average PM disease severity on the basal leaves of ‘Endeavour’ wheat plants in the glasshouse trial at

time = 7 weeks, i.e. after 7 weeks of treatment application. Treatment codes ave given in Table 1. The LSD bar
applies to within-column comparisons only, owing to the hierarchical nature of the nested design, n for each
data point on the graph = 4.
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Figure 8.

Whole plant assessments of PM disease severity on ‘Endeavour’ wheat plants in the glasshouse trial at

time = 7 weeks, i.e. after 7 weeks of treatment application. Treatment codes ave given in Table 1. The LSD bar
applies to within-column comparisons only, owing to the hierarchical nested design, n for each data point on the

graph = 4.

3. Field trial
3.1 Field trial methods

Three spring wheat cultivars were used in this trial: ‘Janz’ an Australian cultivar
highly susceptible to PM and resistant to brown leaf rust but susceptible to stripe
rust; ‘Karamu), a New Zealand cultivar that is susceptible to PM and leaf rust but
resistant to stripe rust; and ‘Gundaroi, a durum wheat cultivar that is susceptible to
PM, but resistant to both rusts.

The three wheat cultivars were sown in separate adjacent areas in early
September (spring) in Christchurch, New Zealand. Each cultivar was grown in two
strips 24 m long and 1 m wide. Each strip was divided into 20 plots (1.2 m long x 1 m
wide) and each plot contained approximately 150 plants. Adjacent, or nearly
adjacent plots were randomly assigned to each of the five treatments to make a block
and this procedure was repeated to give five blocks (25 plots), spread along the two
strips, with block 3 split across both strips. The remaining 15 plots were untreated
(buffers). Within each treatment plot five plants were labelled with block and
treatment number. These labelled plants were used for repeat disease assessments
over the trial period, with data analysed separately for each cultivar as a repeated
measures design using SAS version 8.02 (SAS Institute, Cary, NC).

The five treatments were identical to those used in the CE trial, except that
Amistar® fungicide was applied at the recommended field rate of 750 mL/ha and
1.4 mL of fungicide liquid concentrate /12 L water. During the growing season,
there were five applications applied to designated treatment plots, sprayed to
run-off using 20 L backpack pressure spray units (Backpack 435, Solo, New
Zealand), of the water and biofungicide treatments (on average 17 days apart), and
two applications of Amistar fungicide (7 weeks apart, according to manufacturer
recommendations). After treatment application, plants were left to dry for several
hours before disease assessments were carried out. At each assessment, the growth
stage of each wheat cultivar was noted, as defined by James [37] . The five labelled
plants in each plot were assessed according to a PM rating system from 0 to 9
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(Figure 5 and Table 3). The same rating system was used for a rust assessment on
‘Janz} 123 days after sowing.

Plants were left in the field for 6%2 weeks after the last spray until harvest in
late February (summer). The trial was harvested with a rice binder (Model 210B,
Mitsubishi, Japan) and each treatment/block rep was processed through a thresher
(Nursery Master Stationary Thresher, Wintersteiger, Austria) to separate the wheat
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Figure 9.

Po%udery mildew disease ratings in three field-grown wheat cultivars following application with Amistar®
WG fungicide (750 mL product concentrate/ha at and 1.4 mL of fungicide liquid concentrate/12 L water),
emulsified anhydrous milk fat (AMF) at 7 g/L and emulsified soybean oil (SBO) at 20 g/L. control treatments
involved spraying the plants with water or leaving them unsprayed. Data weve assessed as a repeated measures
design with the bars indicating the least significance difference at each assessment date.
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grain from the chaff and straw. The grain was placed into paper bags, which were
taken back to the field lab and weighed. The following day, each bag was sorted
through a 2 mm sieve screen (Endecott, United Kingdom) that separated grain into
two lots: seconds (<2 mm) and first grade (>2 mm). The 1000 seed weights were
measured on a machine (Numigral II, Tripette & Renaud, France) that automati-
cally counts 250 seeds, which were weighed and then the weight was multiplied

by four. Harvest data was analysed as a nested design (with blocks and treatments
nested within cultivar) using SAS version 8.02.

3.2 Field trial results and discussion

For all three wheat cultivars, SBO was the most effective fungicide against
PM, and provided significantly greater protection than the commercial syn-
thetic fungicide, Amistar, during the middle part of the season, i.e. 90-120 days
from sowing (Figure 9). The total degree of PM control was not as great as that
observed in the CE and glasshouse trial, most likely because the close proximity of
plants in the field trial resulted in overlapping growth leading to ineffective spray
penetration and possible build-up of inoculum in protected parts of the canopy.
The increase in disease was most marked in the final two disease assessments and
under these heavy inoculum loads, Amistar was completely ineffective in the most
PM-susceptible cultivar Janz’ (Figure 9). No evidence of eradicant activity was
observed for any of the products under the heavy inoculum loads and more variable
conditions of the field trial.

Rust was only present in the Janz’ cultivar, and SBO (and AMF) do not appear
to provide control of this pathogen (Figure 10). Amistar claims to control rust, but
there were no significant differences among the treatments (Figure 10).

Irrespective of wheat cultivar, SBO was associated with significantly lower
harvest yields than all other treatments (Table 4). Yields in the AMF treatment
were lower but not significantly different from the controls and plants sprayed
with Amistar had significantly higher yields than both the other treatments (Table 4).
This suggests that there is a yield cost associated with SBO and AMF use in the field
trial. There are two possible explanations for this. The first is that oil use can be
associated with damage to plant tissue, which affects the ability to produce and
store photosynthates [13, 17-19]. However, we did not observe any chlorosis or
necrosis associated with SBO or AMF use in any of our trials on wheat. More likely

2.5
- |

2.5 4 1SD =1.18

: I | I I I

Un:.;nrak,red Water  Amistar

Rust disease rating

Figure 10.

Stripe rust levels in field-grown Janz’ wheat, 123 days after sowing. Treatments are the same as described
in Figure 9. Data weve assessed as a randomised block design with means separation by least significant
difference (LSD, P < 0.05).
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Cultivar Treatment' Total grain weight First grade weight’ Weight 1000 grains
(® (® (®
‘Janz’ Unsprayed 616 599 445
Water 658 641 451
Amistar 672 656 46.6
AMF 592 575 426
SBO 481 463 384
LsD? 69.4 672 215
‘Karamu’ Unsprayed 619 578 375
Water 609 569 36.7
Amistar 840 797 429
AMF 605 570 372
SBO 526 479 33.0
LSD 49.3 50 1.62
‘Gundarof’ Unsprayed 619 578 375
Water 609 569 36.7
Amistar 840 797 429
AMF 605 570 372
SBO 526 479 33.0
LSD 49.3 50 1.62

IControl plants were left untreated or sprayed with water. Fungicide treated plants weve sprayed with Amistar®
fungicide (750 mL product concentvate/ha and 1.4 mL of fungicide liquid concentrate/12 L water), emulsified
anhydrous milk fat (AMF) at 7 g/L and emulsified soybean oil (SBO) at 20 g/L.

2First grade grain has a size >2 mm.

3Least significant difference (P < 0.05).

Table 4.
Yield data of field-grown wheat: Total grain weight (g), first grade grain weight (g) and weight of 1000 grains
(g), harvested approximately 170 days after sowing.

is the second explanation that disease severity has escalated to a greater degree

in the plants treated with lipid fungicide than in the Amistar treatment in the 6

1/2 week interval between the final spray application and harvest. Work in other
crops (cucurbits and grapes) has shown that SBO and AMF need to be applied at
fortnightly intervals to maintain effective disease control (Wurms, Plant & Food
Research, unpublished data), whereas Amistar is a systemic fungicide (i.e., it is
absorbed into the plant) and provides disease control over a more sustained period,
and therefore only needed to be applied twice during the same trial period to
provide effective control of PM [39] .

4. MoA studies
4.1 Scanning electron microscopy (SEM) methods

Experimental set-up was the same as for the CE trial, except that there was no
water treatment, and there were two spray applications, 3 days apart. Four days

after the second spray, lesions from all the treatments were sampled for electron
microscopy.
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Leaf pieces (5 x 10 mm) were cut from plants and mounted on a copper speci-
men stub, then processed for observation using a sputter cryo system (Emscope
SP2000, Hemel Hempstead, United Kingdom). Mounted samples were first frozen
using liquid nitrogen slush and then transferred under vacuum to a preparation
chamber. There they were thermally etched for 5 min at —80°C, radiantly etched
for 30-60 s, and then sputter coated with gold. The coated material was transferred
under vacuum to a cold stage in the specimen chamber of a Philips SEM 505 scan-
ning electron microscope (Philips, Eindhoven, Netherlands) and examined at an
accelerating voltage of 15 kV and a specimen temperature of between —150 and
—180°C [40].

4.2 SEM trial results and discussion

Amistar®, SBO and AMF fungicides all exhibited eradicant activity via a non-
toxic (physical) MoA, as illustrated by direct effects on the fungus, since these
treatments caused conidiophores (spore bearing structures) to collapse (Figure 11),
conidia (asexual spores) to wither (Figure 12) and extrude cellular contents
(Figures 12 and 13) and hyphae to wither/desiccate (Figure 13). This is supported
by the CE and glasshouse trial data which showed that, under low initial inoculum
loads, disease severity decreased on the same wheat plants monitored over time
(Figures 2, 3, 6-8). The MoA of SBO is most likely created by disruption of mem-
brane transport of the pathogen since the SEM images indicate that SBO causes plas-
molysis of mycelia and cell rupture and leakage of cell contents, especially in conidia

Figure 11.

SEM images of powdery mildew colonies on ‘Endeavour’ wheat leaves that were either A, untreated; or
sprayed with: B, Amistar® fungicide; C, anhydrous milk fat (AMF); or D, soybean oil (SBO). In healthy,
unsprayed colonies (A), turgid hyphal threads can be seen growing along the leaf surface in among pointy/
tapered trichomes (leaf hairs), an example of which is arrowed in A, and upright conidiophores bearing
chains of spherical conidia (asexual spoves) are visible extending upwards and outwards from the leaf surface.
Conversely, hyphae appear shrivelled and conidiophores have completely collapsed in sprayed colonies (B-D).
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Figure 12.

Hzgher magnification SEM images of powdery mildew conidia on ‘Endeavour’ wheat leaves that were either A,
untreated; or sprayed with: B, Amistar® fungicide; C, AMF; or D, SBO. In unsprayed plants (A), the conidia
are present in chains attached to conidiophores that protrude outwards from the leaf surface. Unsprayed
conidia have a plump/turgid appearance and the spore surface appears to be quite smooth. In contrast, conidia
on sprayed plants are lying collapsed on the leaf surface and have a withered/dehydrated appearance (B-D).
Ridging of the conidial surface is apparent in AMF-treated plants (C), and grainy exudates, most probably cell
contents, surround conidia sprayed with fungicide (B) and soybean oil (D).

Figure 13.

SEM close-ups of powdery mildew hyphae on ‘Endeavour’ wheat leaves that were either A, untreated; or sprayed
with: B, Amistar® fungicide; C, AMF; or D, SBO. In unsprayed plants (A), the hyphae growing on the leaf
surface ave plump and turgid. A trichome is arrowed in A. By contrast, hyphae on sprayed plants are completely
witheved /dehydrated (B-D). A plant stomate (pore for gaseous exchange) on the leaf surface is arrowed in C.
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(Figures 11-13). This is in agreement with a review on the antimicrobial mode of
action of essential plant oils, where antimicrobial action was most commonly due to
membrane permeabilization/disruption leading to loss of water, leakage of cell con-
tents and sometimes total lysis [41] . In contrast, AMF may have a different MoA to
SBO, as SEM demonstrated that AMF caused deep ridging and distortion of conidia,
rather than extrusion of cell contents (Figures 11-13). Combination of products
with different complimentary MoA has the potential to increase product durability
and efficacy, since it is more difficult for the pathogen to develop resistance. In addi-
tion, pathogens do not tend to develop resistance to agricultural sprays containing
oils [30, 31, 42], because membrane transport is such a fundamental life process. The
combination of reduced amounts of SBO and AMF has been shown to be as effective
as greater concentrations of each biofungicide on its own [10]. Non-toxic (physical)
rather than toxic (chemical/antibiotic) MoAs are also advantageous when it comes
to product registration, since the latter higher-risk product group requires expensive
and time consuming toxicology testing.

5. Commercialisation potential

SBO biofungicide shows great commercial promise, given that it provided PM
control on wheat in both controlled internal conditions and more variable field
environments (at least for part of the growing period) that equalled or exceeded
that provided by conventional fungicides. Moreover, SBO is cost effective and
simple to produce (data not presented), has a physical mode of action (thus making
registration easier) and contains Generally Recognised As Safe (GRAS) [43], edible
ingredients. However, there are critical factors that must be taken into consideration
to ensure optimal performance and success of this product.

The most important consideration for use of this type of fungicide is that it has a
direct, non-systemic mode of action [44] and therefore requires direct contact with
the plant surface that it is to protect. This explains why disease control was much
higher in the CE and glasshouse trials, where plants were more widely spaced, and
why PM pustules were observed on the undersides of leaf blades close to the stems
of plants in the field trial (data not presented), because heavily overlapping foliage
prevented spray access. Our research has also shown that the percentage of grape
bunch surfaces directly exposed to spray (i.e., not covered by leaves), as determined
by leaf plucking, was a significant factor in the efficacy of SBO fungicide against
Botrytis cinerea [11]. Consequently spray penetration and the density of plant archi-
tecture/growing systems are key considerations to the success of this fungicide.

We believe that other disadvantages that may be associated with SBO can be
managed with careful use. Although phytotoxicity is sometimes associated with
oils, optimisation of formulation (as well as rate and frequency of application)
has been shown to minimise toxic effects [11, 45]. Our SBO formulation [46] has
managed to achieve the balance of efficacy without adverse effects on plant health.
Phytotoxicity can also be avoided by taking care not to tank mix products such as
elicitors [32] or sulphur [44, 47] as these may react together to form plant damaging
compounds causing foliar injury and leaf drop. However, these products can still
be successfully used together in an integrated spray programme provided that their
use is alternated [11]. SBO has also been demonstrated to have a much less adverse
effect on plant health than AMF [32]. Another effective option is that SBO can be
tank mixed with AMF at much lower concentrations than either product on its own
[10]. This offers the dual advantages of reduced cost of goods and greater durability,
due to differing modes of action as described in the preceding SEM section. Other
recommendations include not spraying below 4°C (40°F), because the emulsion

15



Soybean - Biomass, Yield and Productivity

breaks down, and avoiding sprays on newly emerged foliage or floral tissue,
although we have treated rose blooms without any toxic effects [10].

Although SBO exhibited both preventative and eradicant activity in this study,
eradicant activity was not effective against heavy, established inoculum loads in
the field trial, and consequently SBO is best used as a preventative. Given that
horticultural oils degrade readily and are not very persistent [31], they also need to
be applied at regular (e.g. fortnightly) intervals. A lack of PM control over the last
6 weeks between spraying and harvest could be the reason for loss of yield in the
wheat field trial, although further work would need to be carried out to confirm this
by carrying out a PM disease assessment at harvest. SBO is particularly well-suited
for use in an integrated pest management (IPM) programme. In New Zealand, our
SBO formulation has been registered as MIDI-Zen® by BotryZen 2010 Limited,
and is intended to be used a part of a residue-free IPM programme for control of
Botrytis cinerea on grapes. Although use of MIDI-Zen right up to vintage in grapes
has been shown to delay the increase in soluble sugars (°Brix), which would neces-
sitate delaying harvest for 1-2 weeks to allow Brix to rise, this problem is normally
avoided by using MIDI-Zen in the middle part of the grape growing season (from
pre-bunch closure to version) and another biofungicide in the final 3 weeks leading
up to harvest [11].

In summary, the potential for SBO is very exciting as it offers the potential for
effective, environmentally benign and durable control. Armed with a good for-
mulation and an understanding of how best to optimise its use and minimise any
adverse effects, we should see increased use of SBO in agriculture to improve plant

health.
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Yield Components and Biomass
Partition in Soybean: Climate
Change Vision
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Abstract

Long-term climate change and inter-annual climate variability are events of
concern to farmers and humanity. Global warming could affect agriculture in
various ways and it is anticipated that agricultural systems will face great pressure
from the variability of climate factors and their extreme events, which in most cases
are difficult to predict, particularly extreme events of rainfall, higher dry season,
hot and cold waves and their interactions. Global warming could also have some
positive effects for plants such as increasing the temperature of current cold regions
and increasing carbon dioxide with its positive effect on photosynthesis, growth
rates, the use of water and production. Meanwhile, there are still many questions
that remain about this possible future. This chapter, brings the response of plants
to future conditions through specifics alterations in its components of yield on
environmental conditions with enrichment of CO, and elevated temperature, two
climatic factors, which is understood to be the factors of climatic change of greater
global extent. The study of the components of yield and their alterations, can guide
diverse sectors of the sciences and decision makers, in order to structure strategies
of resilience in the cultivation of soybean.

Keywords: yield components, soybean, global climate change, elevated CO, and
temperatures, production

1. Introduction

Global climate models predict increases in air temperature by up to 2-4°C, CO,
concentrations higher than 700 mmol.mol " and increase in ground O; higher than
70 ppb by the end of the year 2100 [1, 2].

Based on these projections about the changes in the growth environment of
the cultivated plants, it will be prudent to know how the current cultivars can
be affected in their yield components, which are what define the productive
potential.

Despite the existence of many studies simulating future scenarios made in FACE
(Free-CO; environmental), OTC (open top chamber) and Growth Chambers to
know how the altered climate factors will affect the physiology and production of
soybean, few studies have been directed to understand those alterations in the level
of the yield components that are the intrinsic factors of the plant more sensitive to
climate change, and that also depend on the management of the crop at the field
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level. This anticipated knowledge may be important for the direction of policies and
research lines in various areas of agricultural sciences to develop diverse resilience
strategies to climate change.

The understanding of how climate influences the growth, development and
production of soybean plants depends on the understanding of how the yield
components respond to the variations of climate factors, which can also be eluci-
dated if studies the plant alterations in the future atmosphere conditions. The plant
production is determined by changes in yield components, in last instance. The
artificial enrichment of the growth environment of soybean plants with CO,, O3
and temperatures according to the forecasts on the atmospheric composition for the
year 2100, can allow to know the morphophysiological responses in several levels of
the plant organization, long before environmental changes occur.

The study of the morphophysiological mechanisms of response of soybean
plants to the ecological environment where they develop and produce grains,
constitutes the basis of soybean ecophysiology.

The factors of the climate (temperature, radiation, rainfall, wind and atmo-
spheric pressure, among others), plus the physicochemical properties of the soil
and the cultural practices applied in the field continuously influence the perfor-
mance of the community of soya plants from germination to the senescence of the
plants. Throughout the different phenological stages, the expression of stage-tissue
genes defines the course of the development of the plant, the formation of the bio-
mass and its components (roots, stems, leaves, flowers, fruits and seeds) respond
simultaneously and hierarchically with the objective of completing its biological
cycle and producing seeds for the perpetuation of the plant, and that for humanity
represents the basis of agricultural production.

The most important climatic factors for the development and production of
soybean cultivars are temperature and photoperiod and their interactions, plus
other favorable/limiting factors and resources such as precipitation variability,
appropriate supply of nutrients and elimination of inter- and intraspecific com-
petition, which also interact to determine the production of soybeans in a given
region [3, 4].

The temperature is directly related to the speed of the metabolic rates and
the chronological duration of the different phenological stages of the crop, and
in the case of floral induction, in interaction with the photoperiod in plants
responsive to the duration of the night to flower. The photothermal influence in
the growth stages can be predicted by unit heats method. In general, the tem-
perature determines the growth rates and the duration, in days, of each stage of
the development phases. Soybeans have cardinal temperatures for most of their
developmental stages [5, 6].

According to the American Society of Meteorology, cardinal temperatures
correspond to the minimum (Tb) and maximum (TB) temperatures that define
the limits of growth and development of an organism and an optimal temperature
(Top) in which growth proceeds more rapidly (htpp://glossary.ametsoc.org/wiki/
Cardinal_temperatures). According to the above, the rate of development increases
linearly between Tb and Top; decreases from Top to TB, and after TB the develop-
ment stops and the duration of the phase becomes infinite. It is possible to specify
that Top, is not a thermal point, but the average of a very narrow range of tempera-
tures, where the majority of the enzymatic reactions that participate in the growth
is close to their catalytic maximums.

The soybean cardinal temperatures defined several plant processes from tem-
perature thresholds. The lower base temperature (Tb) vary between 6 and 10°C to
plant development. The lower thermal thresholds are: (Tb) of 10°C [7], 11°C [8],
and 14°C [9].
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The germination rate is close to zero at 15°C and maximum at 25°C [10]. Other
thermal threshold to highest growth was found between 29 and 31°C [11, 12],
thermal threshold that is the same to maxima protein content in the grains [13].

For photosynthesis, optimum diurnal temperatures are between 30 and 35°C,
and for growth, night temperatures between 21 and 27°C. Temperatures less than
22°C delay the retention of pods and at temperatures <14°C flower abortion may
occur [14]. Temperatures close to or above 40°C have negative effects on growth
rate and pod retention [15].

In general, vegetative and reproductive growth in soybean can reach high rates
in temperatures between 25°C and 30°C during the growth season, because the
maximal vegetative and reproductive development occur in 30°C and 25-29°C,
respectively. In addition the optimal floral anthesis temperature is achieved in 26°C
[16, 17]. Thus, the choice of the time of year considering the regime of soil and air
temperatures are determinant to establish the best sowing times, in which the ther-
mal supply of the soil-atmosphere system is satisfactory, together with the adequate
availability of water to meet the consumptive use of the crop. In fact, soybean yield
components are negatively correlated with temperature increase and these compo-
nents are temperature-dependent [18, 19], mainly, when the temperatures on field
exceed the optimum temperatures [20, 21].

The main effect of the photoperiod is to induce flowering after the juvenile
phase is over. Low temperatures and long days delayed the flowering time, and
consequently, the anthesis and the maturation time [22, 23]. This relation is widely
known, as well as, that the greater sensitivity to photoperiod and low temperatures
are more obvious among the genotypes with greater sensitivity to the photoperiod,;
late maturation cultivars are more sensitive than early cultivars [24]. Most of the
soybean cultivars have a pre-inductive or short juvenile stage, and floral induction
may occur at any stage after the development of the first unifoliate leaves [25]. With
the incorporation of long juvenile periods, soybeans currently produce soybeans
until the 15th degree of Latitude, preventing the early induction of flowering [26].

The variation of flowering time between soybean cultivars, from a genetic point
of view is very complex, because it will probably not be so easy to identify the
molecular bases of the major genes and Quantitative Trait Loci (QTLs) underlying
the natural variation in flowering time of soybean, because most of those genes
and QTLs exist in multiple copies in the genome, interacting more or less with
one another and with the environments in which the genes are evaluated [27]. In
the specific case of soybean, some cultivars must fulfill a juvenile stage before the
influence of the photoperiod for the induction of flowering, and the sensitivity can
occur from the expansion of the first V1-V2 vegetative stages (first and second tri-
foliate leaf) [28]. From then on, the taxa of growth and development of the plants
will be a function of the availability of light, water, nutrients, and above all, of the
temperature up to values close to the optimal Day/Night temperature. In turn, after
flowering induction plus higher temperatures the duration of this inductive stage
can be varied and influence the size and characteristics of the canopy, that is, the
height of plants, the number and length of productive branches, effective leaf area
and number of flowers per cluster, among others.

Rainfall is the most common form of water supply, and its intensity and vari-
ability are pointed out as determinants of the risk to the success of production in
most soy producing regions in Brazil, EUA and China [29]. Precipitations between
450 and 800 mm may allow high yields depending on distribution throughout
the cultivar cycle and on edaphic and climatic conditions [30]. However, this
high yield potential is soil type and climate dependent, mainly of the interac-
tion with temperature, evapotranspiration, and soil water content. The inter-
annual variability of those climatic factors provoked by the climatic changes are
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characterized by the occurrence of extreme events of excess and precipitation
deficit and heat waves in relation to the normal climatological is great deter-
minant of the soybean yield [31, 32]. The occurrence of prolonged “veranicos”
(absence of rainfall for 25 continuous days or more during the summer) has been
more frequent and prolonged, for example, in December and February in the
central region of Brazil and pointed as the most dangerous condition for the suc-
cess of soybean plantations.

2.Yield and yield components
2.1Yield production

The increase in soybean production under high [CO,] has been variable, ranging
from increases of about 17%, marginal increases [33, 34], and no gain in production
[35]. In most cases the increases have been derived mainly from gains in the total
weight of grains at harvest, the increase in the number of pods [36] and the average
weight of the grains [34, 37].

In understanding the magnitude of differences in production gains over high
CO, concentrations, we should consider aspects such as the type of cultivar, pro-
duction system and densities used, and the interaction with the climatic factors of
each region where the plantations occurred. For example, it was verified increases
in biomass and seed weight in the day/night thermal regimes 20/15°C compared
with elevated thermal day/night regime like 30/25°C under 700 ppm CO; [38].

In other similar study, a greater number of branches and productive nodes were
formed in 26/20 than in 22/16°C [39]. In this case, the positive interaction between
elevated [CO,] and temperatures regimes, resulting in increases in production.
Thus, it can be concluded that the closer to the temperature regime of the optimum
temperature, positive interaction can be expected for greater production, than
when the temperatures exceed the Top. However, the meta-analysis performed on
the results of several studies on the productive response of soybeans to CO, increase
shows that, despite increases in foliar absorption of CO,, soybean production is less
responsive in experimental conditions and that the responses in field conditions
were smaller than those performed in confinement (pot use) [37] The question,
again, goes back to the point of knowing how to explain this low response at plant
level.

Recently, a study conducted with 18 soybean cultivars (II, III, IV soybean
groups) conducted in several years repeated with 550 ppm of CO,, found average
responses of 22% increase in the aerial biomass and only 9% in the yield of the
seed, when grown in the appropriate growing season, and average temperatures of
the growing season varying between 20.7 and 23.3°C [40]. During 4 years of study,
there was consistency from year to year among genotypes that were more and less
sensitive to the elevation of [CO,], suggesting heritability of the CO, response [40].
In addition, cultivars with the highest coefficient of partition to the seed in the
current [CO,] also had the highest partition coefficient in the high [CO,] [40]. This
suggests, the existence of a variation genetic in the response of soybean to a high
level of [CO,], which is necessary to obtaining cultivars of soybean that adapt to
future conditions.

2.2 Yield component basis

The production of agricultural crops in any environment or cropping system is
ultimately the result of the biomass produced and the magnitude of that partitioned
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biomass for the harvested organ, which is measured in terms of biomass parity by
the harvest index (HI).

In simple terms, production is the result of the interaction between the genetic
potential of a cultivar and the biotic and abiotic factors that reduce that genetic
potential. At the field level, plants are continuously subjected to multiple interac-
tions with favorable results during most of the productive cycle, due to the plant’s
ability to adapt quickly to variations in soil and climate conditions and to techno-
logical support through agricultural practices.

The soybean plant is organized on the main stem on which the lateral branches
and internodes are formed where flower clusters are formed (Figure 1). The order
of the branches and bunches on the main stem are listed according to their ontoge-
netic chronology.

During the soybean cultivation cycle, five ontogenetic stages are distinguished,
which are important in the determination of yield, which are: (1) The formation of
organs responsible for the fixation of CO, and the absorption of water and nutrients
(leaves and roots). (2) The formation of potential harvest organs (pods racemes in
lateral branch or main stem racemes). (3) The determination of the effective den-
sity of harvest organs (number of pods/raceme-plant). (4) The filling of the harvest
organs (number of filling seeds/pod, weight seed/pod). (5) Loss of functionality of
leaves and roots (vegetative organs senescence, mature seeds in the pods) [41].

These stages develop successively with a degree of mutual overlap that varies with
the type of cultivar and the environmental conditions of growth [41-44].

Two components of production are essential in the determination of soybean
production. The number of grains per plant and the weight of the grains. The
number of grains per plant is more closely associated with yield and is the most
sensitive to the influence of the environment. This depends on the morphogenesis
of reproductive structures on top of which are formed as are branches and clusters
of the main trunk [41, 45-47].

Ontogenetically, the number of flowers in soy largely exceeds the potential
capacity for fixation, even under restrictive environmental conditions. The fixa-
tion of the grains depends on the fixation of the pods and this characteristic is very
sensitive to the availability of resources, so any physiological stress during the fixa-
tion of the pods determines the levels of pod abortion, consequently of the grain
potential [41, 45-47]. However, between flowering and fully developed pod (R4)
or start grain filling (R5) there may be compensation between yield components,
fewer pods compensate with an increase in the number of grains per pod and/or
grain weight.

Thus, in studies on the plant effects of high concentrations of CO, and O; it will
be important to define the density of plants in the experimental field that avoid

Main ‘ Yield components of Soybean ‘ ‘ Yield or Production

Grains/pods

Racemes with pods | Pods/racemes main stem |

Total weight
of plant grains

| Grains/pods
| Pods/racemes on branch |

Branches number

Branches with #f%
racemes and pods

Figure 1.
Plant structure scheme with the branches and racemes contain pods, and the yield components in soybean which
determine the production per plant.
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high intraspecific competition during flowering and fixation of pods. An excessive
competition for light can alter yield components such as number of branches and
pods [34, 48, 49].

Adequate availability of light, temperature, water and nutrients during the
period of performance determination, between the start of the pod formation (R3)
and full green grain (R6) guarantees a high number of grains per plant [48, 50, 51,
52, 53]. It should be remembered that the plasticity in the number of grains per pod
in soybeans is very low between 2.1-2.5 seed/pod [54, 55, 56], same with different
cultural practices [57, 58, 59]. Thus, the number of grains per pod of soybeans can
be less sensitive to stress compared to the number of pods.

The weight of grains, as the second component of the most sensitive yield,
depends on the genotype and the environmental conditions that determine the
photosynthesis capacity of the canopy, the translocation of assimilates, the duration
of the filling stage and the competition between pods, and among grains on the
same pod (source/sink ratio) [46].

The filling of the grain is strongly influenced by the availability and transloca-
tion of photoassimilates during the end of soybean development, before start of
grain maturation (R7) [41]. Stresses by water deficit, thermal regime (below 25°C
and above 35°C) can reduce the Leaf Area Index (LAI), thus like occurrence of rust
and chronic exposures to O; can reduce the availability and use of photoassimilates
by causing early senescence of the foliar area, and decreasing the photosynthesis
and assimilated production [60, 61]. Thus, the benefits of the increase in CO, in
the high photosynthesis and the more leaf area per plant can be decreased by foliar
damage. Consequently, stresses during the start pod formation and the grain green
full (stages R3-R6) affect the determination of the number of grains. Plant stresses
between grain green full and start of grain maturation (stages R6-R7), decrease
the weight of the grains on pods. On the other hand, a greater photosynthetic
response in C3 plants such as soybeans to CO, increase, or high rates of photosyn-
thesis among soybean cultivars, may not necessarily mean significant increases in
production due to environmental interactions in the field, the possible effects of
photosynthetic acclimatization, the increase of photorespiration by the increase in
temperatures [62], and mainly by harvest index variability of soybean [63].

Climate changes, in particular, the increase in temperature and the concentra-
tions of CO, and O; affect the development patterns and characteristics of the
canopy as leaf area index (LAI) and internal structure of canopy [63, 64]. The
magnitude of the alterations will be proportional to the environmental sensitivity
of the cultivars and the applied productive management. Cultivars less sensitive to
the indicated factors, the re-adaptation of population densities and arrangements
in plant spacing may be the most immediate strategy such as resilience to climate
change.

2.3 Changes in plant height, branches and racemes

Discussion on plant architecture is fundamental due to its link with the distribu-
tion of carbon allocation. Moreover, the understanding of plant shape allows for
identification of plant features which are more strongly affected by environmental
conditions such as CO, and weather parameters. Plants grown with higher CO, are
taller than the plants in present conditions in the most several cultivars of soybean
due to more nodes [34, 65, 66]. However, it is also possible to find no stimuli for
the increase in the final height of the plant, which may be more likely in cultivars
of certain growth habit [34]. Early results of [67] showed increase in height of the

plant directly related with increase of more internodes and length of branches, or
both.

28



Yield Components and Biomass Partition in Soybean: Climate Change Vision
DOI: http://dx.doi.org/10.5772/intechopen.81627

The elevated temperature regime under CO, enrichment influences the growth
and development of soybean plants. The temperature in plants, mainly affecting
cell division, elongation rates, metabolic rates of photosynthesis and respiration in
the daily cycle [68-71].

A mean temperature range of 29-31°C has been indicated as the optimum
range for soybean vegetative growth [11, 12]. The main stem plastochron interval
decreases and the final main stem node number increases in soybean with higher
[CO,] (660 pmolmol™?) accompanied by a rise in mean temperature between
22.5 and 32.5°C [72]. Thus, the temperature increase can be favorable if closed to
optimal temperature to soybean growth, even in conditions of greater availability
of photoassimilates under higher concentrations of CO,. Statistical analysis of
correlation carried out by [34, 65] demonstrated a positive correlation between
the plant height and the number of racemes, cultivar-dependent, under elevated
CO, with 750 and 548 pmol.mol ™" and air temperatures, respectively. There was
positive and significant increases in the number of nodes of soybean plant grown
with elevated [CO,]. It can be argued that the interaction between elevated [CO,]
and temperature in soybean influences the plant weight in two different ways,
being through more number of internodes or internode length as also observed
by [73] in 700 pmol.mol™". But depends on the on the cultivar response. It is
important to note that changes in the plant height should induce modification
in the configuration of other plant components, such as branches, pods and
racemes.

The number of branches, racemes and total pods are the most important
components for yield, and exhibit the highest correlation with the total yield [57,
74, 75]. A reduction by 18.5% in CO, enrichment in sensible cultivar to high CO,
plant responses, and similar tendency happened in the number of pods/branch
and grains/branch, with 35.1% and 35.2% decrease [34]. However, the number of
grains/pods on branches can be remained unaltered in modern cultivars with small
canopy or increase [66]. Based on previous studies one may anticipate that the
increase of [CO,] and warmer conditions may not contribute to the increasing yield
due to reduction in the number of pods and grains on branches, if the current spac-
ing and plant density remain unchanged. High yields were found with increased
spacing under elevated CO, concentration [76]. In the evaluations of branch
ontogeny or length of branches, the greatest branching plasticity of the US cultivars
compared with Japanese cultivars should also be considered, together the inverse
relation between the total length of branches and the density of plants [77].

The number of the racemes per plant and the number of pods or grains per
racemes also respond to higher CO, depending on the cultivar. An increase in the
number of the racemes/plant by 27% and 35% in grains/raceme in most sensitive of
two cultivars, named Conquista [34]. In insensible modern cultivar (most ambient
stability genotype) were not different in these characteristics. Additionally, there is
a positive correlation between plant height and the number of racemes in sensible
cultivar (Conquista) (r = 0.67; P < 0.005) [34].

A higher number of racemes lead to more pods and grains, which implies that a
higher number of racemes in the main stem could partially compensate for the loss
of pods and grains by the absence of lateral branches. The number of seeds per pod
in soybean is very stable characteristic and can vary between 2.1 and 2.5 [54, 57, 58,
78] thus, the increase of the genetic plasticity of this characteristic can be a way for
the increase of the productivity per unit of plant and area. Actually, this character-
istic, perhaps, is the most limiting to increase the production in present and future
environment.

The reduction in the number of branches observed in sensible cultivars under
high competition among plants promoted by the higher CO, concentration can
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inhibit the axillary buds ontogeny in early vegetative stages [34, 55]. There is a need
for further studies to elucidate the mechanisms of inhibition of branch ontogeny,
and how early foliar self-shading can influence the ontogeny of branches and the
number of its internodes.

According to the meta-analysis performed by [37], the increase of CO, in the
growing environment results in a 35% increase in total dry matter/plant and the
total leaf area/plant between 18 and 25% in soybean. This increase may result in
larger dimensions of the canopy and the early occurrence of shading in the lower
region of the canopy negatively affecting not only the ontogeny of the branches, but
also the number of flowers and pods.

2.4 Changes in pods, grains and the grain weight

The pod sets, is the most variable yield component after the branch number. The
integrated changes to plant level, such as total pods and grains per plant have been
shown to cause the differences among plants under CO, enrichment.

The pod number per plant increases around 14% [37]. Previously, continuous
and significant increases in the number of pods were found by [39] with increas-
ing day/night thermal regime (18/12, 22/16 and 26/20°C) in interaction with each
[CO,] ranging from 350 (control), 650 and 1000 ppm of CO,, respectively, in the
cultivar Ransom cultivated under non-limiting conditions of water, nutrients and
light inside a phytotron. Is evident the increase of the number of pod in all the
racemes orders when the [CO,] is near of 700 ppm [34, 67], however, the intensity
of response is cultivar-dependent [34]. An evaluation about the relative partition of
pods and grains per plant showed a greater relative partition of pods and grains in
the first (basal) branches and in the first nodes of the branches and smaller relative
partition in the subsequent branches and nodes [34].

In this way the gains in the first branches and nodes are lost logically by the
reduction of pods and grains in the subsequent positions. Thus, a compensatory
effect is established that cancels the initial gain, which may explain the small
increase in production (7%) [34]. These authors, concluded that the ontogenic
changes with respect to the formation of a smaller number of branches may be the
cause of the low production gains under the effect of high [CO,] due to the early
self-shading.

Continuous shade between 60 and 90%, from initial bloom reduced pods per
plant between 34 and 78%, respectively [79]. Several previous studies have found
areduction in the number of pods as the main factor of self-shading in soybean
[80-82]. Additionally, [83] showed a greater sensitivity to shading of the number
of pods per plant compared with the number of main stem nodes and the number
of branches in two soybean cultivars grown with 50% of shading during soybean
flowering. These authors [83] also verified increases in flower and pod abortion
when the shading occurred together with lower temperatures, like 18°C day/10°C
night.

The broader analysis of the grain weight in yield of the soybean points this char-
acteristic to the low contribution to gain a significant increase in soybean produc-
tion under conditions of high CO, concentration [37], despite having shown that
the increase of the weight of the grains is possible in several cultivars [34, 65, 67].

Increases in the weight of grains have also been reported in soybean plants
grown in an environment with elevated CO,, independent of the changes in thermal
regime even below the optimal growth temperature [38, 84]. There was strong fall
in the seed weight in thermal regimens above the optimal temperature 32/22°C day/
night, and increase by up to 13.5% in the grain weight in modern and landrace types
when the temperatures during grown season closed to optimal temperature of
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soybean production [34, 46, 52, 85]. The increasing in weight of each grain is pos-
sible due to the existence of large genetic variability soybean species [86]. Besides
the thermal regime influence, the long-term exposures of soybean plants to elevated
[CO,] can also change source-sink relations, and grain filling [76, 87].

The ratios of seed mass per plant, measured as seed mass obtained in elevated
CO, compared the seed mass per plant in ambient (current CO, concentration),
found by [34], was 1.13 for two contrast cultivars in canopy structure and size,
modern (small canopy) and ancient (big canopy), and these ratios was coherent
with the range from 0.93 to 1.87 previously reported by [84]. It has also been veri-
fied that higher [CO,] and favorable temperature regime increase the grain weight
through enhancements of sink-force of grains [34, 88]. However, the question
remains whether this increase in sink-force is the same in all grains regardless of
the position they occupy in the soybean plant. The variation in the number of pods
and grains within their position in the branches and racemes helps explain how
and where in the plant the changes occurred in relation to treatments. The number
of grains per pod although it has lower variability has high heritability and greater
positive effect on production [89].

2.5 Conclusions

The increase of [CO,] in the soybean growing environment should lead to
increases of among 7% [34] to 40% [37, 90, 91, 92, 93], and this maximum will
depend on how the yield components are affected during growing season, which
will depend on the cultivar, the density used and the interaction with temperatures
close to the optimal temperature range for a particular cultivar. Temperatures that
exceed the range of the optimal temperatures, cause negative alterations of the
production of biomass and affect the partition for the formation of grains on the
branches and clusters, reducing the yield. The elevated [CO,] (around of 750 ppm)
will attenuate the negative effects of the highest air temperatures because the
carboxylase activity of Rubisco (photosynthetic enzyme of C3 plants) is favored by
the higher internal concentration of CO, in the sub-stomatal chamber, resulting in
photosynthetic rates higher than those obtained in the current CO, concentration.

The yield components most sensitive to the increase in atmospheric [CO,]
are the number of lateral branches, number of racemes in the main stem [34, 77,
79]. The number of pods formed will depend on the number on productive nodes
formed on branches and in the main stem. Thus, plants adapted to future condi-
tions should be able to maintain a high number of productive nodes per plant. The
mechanisms of inhibition of the ontogeny of branches, mainly of the basal ones,
still have to be explored, to define strategies of improvement, or management of
densities between plants. The number and weight of the grains appear to be the
most stable, which means that the increments of the production of soy may depend
totally on the number of pods formed by the lateral branches.

Alteration in specific yield components and source-sink relationship is com-
mon in elevated CO,, mainly in warmer climate at the level of branches, pods and
grains. A better understanding of the response of soybean cultivars production,
or for genotype screening, requires an evaluation of yield components, mainly in
the branch level. Such is necessary to improve our understanding of sensible yield
components in soybean genotypes and their ability to tolerate the impacts of the
future climates.

Avoid intra-specific competition in future scenario by CO,-increases, implies
the need to avoid negative effects of intra-specific competition, such as self-shading
[77,79, 83], or the development of modern cultivars with narrow canopy and short
branches. Thus, the current trend of the breeding soybean programs to decreasing
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the size of canopy [94, 95] as strategy to improve the productivity may continue to
be the best strategy, even more so if plants were considered larger number of short
branches to reduce the competition effect between the proximal and distant pods of
the main stem as evidenced by [34].
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Chapter 3

Soybean Seed Production and
Canopy Photosynthesis in
Cultivation

Kiyoshi Nagasuga

Abstract

The mechanism of soybean seed production is very complicated. Soybean yield
is strongly associated with pod number and seed number; these are prompted by
light interception and growth during the period between beginning blooming and
beginning seed. But vigorous shoot growth during the vegetative stage does not con-
tribute to pod growth and harvesting. In humid regions of Asia, soybean cultivation
is incorporated into the rotation cropping in converted paddy fields, and wet soil
often causes poor germination. Soybean leaves, trifoliate wide flat leaves, are easy
to concentrate to the upper layer of the canopy. This suppresses light penetration
to the lower layer and, as a result, produces imperfect seed yield in spite of enough
biomass. Daytime leaf movement is useful for light penetration and photoinhibition
in leaf photosynthesis. Leaf photosynthesis is generally associated with high yield;
however, the relationship between them is not clear. It is necessary for high soybean
yield not only to elucidate the mechanisms that these factors suppress soybean seed
production more clearly but also to select the cultivars and cultivation suitable for
the climate in each area.

Keywords: biomass, canopy photosynthesis, cultivation, germination, light
interception, lodging, pod, seed production

1. Introduction

Soybean is one of the important crops for oil and protein resources. Soybean
production in 2016 is 336 million tons, and about 80% of the world production
depends on a few major producers, the United States, Brazil and Argentina [1].
World soybean production continuously increases at a remarkable rate for the last
several decades; it reached ca. 265 million tons in 2010 from ca. 30 million tons in 1970
[2]. This increase is associated with the improvement of soybean production; yield
gain of the United States is 22.6 kg/ha/year from 1924 to 1997 and 12.1 kg/ha/year
from 1950 to 1991 in China [3]. High soybean yield is also an important agricultural
strategy not only in the major producers but also in the minor producers such as
India, Japan and other Asian countries. Many researches about soybean produc-
tion were actively made to achieve high yielding; for example, more than 60 years
of researches have produced various types of soybean cultivars in Japan because
soybean is the fundamental material of Japanese foods. However, these trials cannot
find the breakthrough that improves soybean production in this country; Japanese
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soybean yield (160 kg/10a) has been steady values for the current decade [4]. World
soybean production polarized.

Improvements in weed control and planting and harvest machinery as well as
the incorporation of disease and lodging resistance into elite soybean germplasm
have contributed to the yield improvement in continental North America [5]. In
addition, many theories on the physiological traits associated with genetic yield
improvement have been put forward; however, there are still some incongruencies
among these theories [6-9]. Therefore, it is important for soybean yield improve-
ment to understand the relationship between yield and quantitative physiological
traits.

2. Seed yield and biomass

In general, the yield of crop plants can be expressed as the function of biomass
and harvest index as follows:

Yield = Biomass x Harvest index

Biomass is the total amount of living organisms in a given area. Biomass contains
leaf, stem, root and seed (full maturity). Harvest index is harvested product (seed)
as a percentage of total crop weight. Although high biomass does not always result
in high yield, low biomass cannot result in high yield even if crop plants could
realize remarkable high harvest index. So the increase in biomass is easier to result
in high yield than that of harvest index. Meanwhile, the improvements of crop yield
by breeding are also associated with the increase in harvest index, for example, 1.50
times increase in Chinese rice yield is attributed to 1.16 times that of biomass and
1.33 times that of harvest index by breeding [10]. It is depending on the crop species
whether a numerous increase of crop yield is attributed to the increases in biomass,
harvest index or both.

In soybean, harvest index is often regarded as seed/stem ratio, not seed/shoot
ratio because soybean leaves start to get yellow around beginning maturity and have
been shedded at full maturity. The reports on the role of harvest index on soybean
seed yield include both significant [8] and no significant [6, 11-13] correlations
with harvest index. However, even the researchers who reported significant correla-
tion between yield and harvest index suggested that the increase in harvest index
contributed little to increased yield potential of modern genotypes [9, 14]. It seems
that harvest index is not an important contributor to genetic yield improvement;
the increase in biomass is more useful for high yield of soybean plants.

Breeding often improves crop yield through the increase in biomass. Plant
biomass is composed of 70-90% water and 10-30% dry matter [15]. Water is a
very important material for life; this controls life maintenance and plant growth
strongly. However, it is necessary for a large increase in plant biomass to get not only
abundant water but also much dry matter. Dry matter is derived from CO, fixed
through photosynthesis [16, 17]. Photosynthesis produces the basic carbohydrates
used for producing more complex carbohydrates, proteins and lipids, all of which
contribute to dry matter [18]. Dry matter weight is a more reliable measure of mass
than fresh weight (biomass) because dry matter excludes the fluctuating water
concentrations [19] so the effect of soybean biomass on yield is evaluated through
that of total dry matter weight in this study.

Before the correlation between yield and total dry matter weight is mentioned,
descriptions of growth stage of soybean during the growing season according to
Fehr and Caviness (Table 1; [20]) and its relationship with growth parameters

42



Soybean Seed Production and Canopy Photosynthesis in Cultivation
DOI: http://dx.doi.org/10.5772/intechopen.81808

Stage Descriptions

Vegetative stage

VE Emergence Cotyledons above the soil surface

Ccv Cotyledon Cotyledons and unifoliates are fully expanded

Vi First node One unrolled trifoliate (leaflets do not touch) on the main stem
V2 Second node Two unrolled trifoliate (leaflets do not touch) on the main stem
V(n) Nth node N unrolled trifoliates (leaflets do not touch) on the main stem

Reproductive stage

R1 Beginning One flower at any node on the main stem
bloom
R2 Full bloom One flower at one of the two uppermost nodes on the main stem

with a fully expanded trifoliate

R3 Beginning pod A 0.5-cm-long pod at one of the four uppermost nodes on the
main stem with a fully expanded trifoliate

R4 Full pod A 2-cm-long pod at one of the four uppermost nodes on the main
stem with a fully expanded trifoliate

R5 Beginning seed Seed is 0.3 cm long in a pod at one of the four uppermost nodes
on the main stem with a fully expanded trifoliate

R6 Full seed A pod containing a green seed that fills the pod cavity at one of
the four uppermost nodes on the main stem with a fully expanded
trifoliate

R7 Beginning One pod anywhere on the main stem with the mature brown

maturity color

R8 Full maturity 95% of pods reached mature color

Table 1.
Descriptions of growth stage of Soybean [20].

including total dry matter weight are mentioned. Although soybean leaf is trifoliate,
the cotyledon pulled by the hypocotyl emerges out of the soil (germination, VE),
and the first leaves are two unifoliates (cotyledon, VC).

Infection of Bradyrhizobium japonicum and nodule formation start around the
second node (V2). Plant length and leaf area index increase gradually after emer-
gence and reach more than 80% maximum values around beginning bloom (R1).
Canopy structure is also almost achieved around this period. On the other hand,
total dry matter weight increases slowly from emergence to R1 and then exponen-
tially until beginning pod (R3). The maximum values are reached at beginning
seed (R5) or just before full seed (R6), and then total dry matter weight decreases
by maturing. However, some cultivars with vigorous vegetative growth capacity
sometimes increase total dry matter weight continuously around beginning matu-
rity (Figure 1A) [21]. Soybean development is separated into vegetative period
(emergence to R1) and reproductive period (R1-R7). However, vegetative growth
(leaves, stems and nodes) extends from emergence to R5. The reproductive period
is separated into flowering/pod formation period (R1-R6) and seed filling period
(R5-R7). Pod and seed numbers are determined until R6 [22].

There is a hypothesis that soybean yield is limited by the activity of the source
(i.e. canopy photosynthesis) [23]. One of the reasons is low ratio (19-64%) of pod
set (from flower to pod) in soybean plants [24-26]; many flowers fall not only
by environmental stress (i.e. low temperature [27], water shortage [28] and light
energy shortage [29]) but also by nutrient competition between flowers in the plant
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Figure 1.

Changes in total dry matter weight (A) and leaf area index (B) in Fukuyutaka (open) and Misato-zairai
(close). Fukuyutaka and Misato-zaivai are the maturity groupll determinate genotypes. Fukuyutaka, cultivated
variety, has velatively staple seed yield; however Misato-zairai, local cultivar, has an unstable one [21].

or with vegetative organs [30]. Above-ground (particularly leaves) of crop plants is
main photosynthetic organs and this increase is associated strongly with nitrogen
content in the soil [31]. Basal fertilizer is generally applied to promote vigorous
photosynthesis and crop growth from early growth stage. However, total dry matter
weight before flowering has little effect on seed yield in soybean plants [32]. In addi-
tion, the reports on the association between biomass and seed yield have presented
conflicting results; some researchers reported that total dry matter weight was not
significantly related to yield improvement in 14 short-season soybean cultivars from
different eras of release [8, 33, 34]. On the other hand, after the onset of reproduc-
tive development, many researchers indicate a positive association between dry
matter accumulation and seed yield [9, 14, 35-37]. There are also conflict reports
about more critical period after flowering, some reports described the period
between R1 and R5 [36, 38, 39], and others are after R5 [35, 40]. However, seed
weight is often associated with seed number and pod number strongly, and seed
number depends on pod number. Figure 2 shows variation in seed weight asa
function of pod number (A), seed number (B) and the relationship between seed
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Figure 2.

Variation in seed weight as a function of pod number (A), seed number (B) and the relationship between seed
number and pod number (C) at maturity (R8) in Fukuyutaka (open) and Misato-zairai (close) cultivated at
Mie Prefecture in Japan in 7 years (unpublished data). Experimental field, plant density, fertilization and the
measurement of yield components in these experiments were the same as the previous studies [21, 41—44]. Main
data ave those of normal sowing (early-middle July sowing at Mie) from 2008 to 2014 (excluding 2012)

[21, 41—44], and the same include early sowing (middle May and middle June in 2009) and irrigation
treatment (from blooming in 2009 and from 1 month after sowing in 2013 and 2014) [43, 44]. v is corvelation
coefficient. *, **, ***: significant at 0.5, 0.1 and 0.01%, respectively.
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Figure 3.

Variation in seed weight at maturity (R8) as a function of crop growth rate (CGR, A) and average leaf area
index (Ave. LAI, B) from beginning bloom (R1) to beginning seed (R5) in Fukuyutaka (open) and Misato-
zairai (close) cultivated at Mie Prefecture in Japan in 7 years (2008—2014, unpublished data). The samples are
the same as those in Figure 2, and CGR and ave. LAI were measured according to the previous studies [21, 41, 43].
7 is correlation coefficient. *: significant at 0.5%.

number and pod number (C) at maturity (R8) in Fukuyutaka and Misato-zairai
cultivated at Mie Prefecture in Japan in 7 years (2008-2014). Misato-zairai has
larger seed size and lower seed number than Fukuyutaka; however, the relationships
among seed weight, seed number and pod number are similar in these cultivars. Pod
formation is nearly completed by R3 [39]. Although there are no positive relation-
ships between seed weight and total dry matter weight at R5, crop growth rate
(CGR, dry matter accumulation per day) during the period between R1 and R5 is
easy to be associated with seed weight (Figure 3). The period between R1 and R5 is
considered critical for the impact of assimilatory capacity on yield, and it would be
necessary for high soybean yield to make active photosynthetic performance.

On the other hand, the initial growth often has a serious impact on seed yield
in the monsoonal area of Asia. Soybean often cultivated in the converted paddy
fields and excessive rainfall and poor drainage frequently depending on rotation
cropping often cause waterlogging in this area. Soybean is vulnerable to waterlog-
ging, which threatens soybean productivity [2]. The most sensitive growth stage is
around emergence, particularly germination. Poor emergence has a serious impact
on soybean production because this decreases plant density radically. Waterlogging
suppresses soybean seed germination through the several manners. Firstly, waterlog-
ging destroys seed tissue by abrupt cell expansion because soybean seeds absorb water
rapidly in this condition [45, 46]. Secondly, waterlogging inhibits the respiratory
activity of germinating seeds. Germination is an integrated process consisting of
many metabolic events; therefore, active respiration is necessary for its metabolism
and germination. Excessive soil moisture condition decreases oxygen concentration
in the soil and inhibits seed respiration. Thirdly, soybean seeds in the waterlogging
condition are vulnerable to soil-borne diseases, which often results in seed corruption
and the inhibition of seed germination. On the other hand, waterlogging also sup-
presses soybean emergence physically. Waterlogging or hard rain destroys the crumb
structure of culture soils, which makes soil surface hard like a plate. These suppress
emergence through the blockage of hypocotyl extension even if seed germina-
tion succeeds. After emergence, waterlogging also threatens soybean productivity
through the suppression of root respiration, growth and symbiotic nitrogen fixation
by root nodules and the spread of soil disease infection. These have a great impact
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on vegetative growth, which inhibits pod number per plant, seed number per pod
and seed weight. Meanwhile, the emergence is strongly correlated to plant density
and hill number per area; suppression of emergence by waterlogging often decreases
plant density dramatically. Because of insufficient shoot dry matter weight and leaf
area per unit area, low plant density is difficult to result in high yield in various crop
plants [47-49]. Therefore, low plant density by waterlogging has a serious impact on
soybean yield. The cultural or genetic improvements of soybean emergence are more
important in the monsoonal area of Asia.

3. Canopy photosynthesis and its related parameters

After emergence, active photosynthetic performance of canopy is useful for high
seed production of soybean plants. Canopy photosynthesis can be composed of
three parameters: leaf area index, light intercepting efficiency and photosynthetic
rate per unit leaf area (leaf photosynthesis).

3.1 Leaf area index

Leaf area index means total leaf area per unit ground area [50]. Leaf area index
can be expressed as the product of plant density and total leaf area of a plant. Plant
density is a factor that is easy to control by cultivation: dense planting increased leaf
area index through the increases in plant density easily and quickly. However, crop
shoots in high plant density are spindly and often result in lodging [47-49]. So it is
necessary for the increase in leaf area index both to keep optimum plant density and
to increase leaves with the capacity of leaf appearance and expansion of crop plants
itself.

Soybean leaves develop acropetally from individual nodal primordia on the
main stem as well as on the branches. The rate of individual leaf appearance,
expansion and duration as well as its interaction with environmental factors has an
impact on leaf area index development. Each leaf unrolls, expands and persists in
the expanded state for a period of time prior to senescence and finally abscission.
Figure 1B shows change in leaf area index in Fukuyutaka and Misato-zairai. Typical
changes in soybean leaf area index are that of Fukuyutaka: leaf area index increases
dramatically during vegetative period, and maximum value is achieved by around
R5. After that, leaf area index begins to decline and this decline accelerates by leaf
abscission before R7. Leaf area index has an impact on canopy ability to intercept
solar radiation and light interception up to 95% of incident solar radiation around
R5 [5]. In this stage, canopy closure is observed and this corresponds to leaf area
index of 3-5 [33]. A leaf area index greater than 5 can be sometimes observed;
however, this is not easy to result in the increase in radiation interception any
further [51].

High crop growth rate is usually associated with high leaf area index in crop
plants [31]. Soybean leaf area controls strongly crop growth rate during the veg-
etative period, and the increase in total leaf area is associated with node number
of main stem and specific leaf area (leaf area/leaf dry matter weight) [52]. Leaf
growth is often associated with environmental factors (i.e. water, temperature,
nitrogen, light intensity). During the vegetative period, leaf area increases with
sufficient soil water, and severe soil drought restricts strictly leaf growth in the
high air temperature condition; however, low air temperature condition negates
the effect of soil water condition on leaf growth, and the difference in total
leaf area between wet drought soil conditions is too small in Japanese soybean
cultivar (Figure 4) [53].
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Figure 4.

Relative leaf growth rate (RLGR) of Fukuyutaka and Misato-zairai grown in wet and drought soil conditions
during the vegetative stage in summer and autumn. After 1 month of cultivation, supply of water to some
plants was suppressed for 2 weeks (drought). Relative growth rate is daily leaf area accumulation per leaf area

[53].

There is an optimum leaf area index where crop growth rate reaches the
maximum level. Crop growth rate increases with increment of leaf area index,
attains the maximum level and then decreases with increase of leaf area index.
In soybean plants, the increase in leaf area index is easy to result in that of crop
growth rate during R1-R5 [41], and this is associated with higher specific leaf
area, not leaf weight ratio (leaf dry matter weight/total dry matter weight) [41].
However, higher leaf area index has a negative impact on seed yield. There isa
weak relationship between average leaf area index during the period between R1
and R5 and seed weight at R8 in Fukuyutaka and Misato-zairai (Figure 3). Higher
leaf area index would be useful for high biomass, but not for seed production in
soybean plants.

3.2 Light intercepting efficiency

Light extinction coefficient can be used to quantify the extent of light penetra-
tion into the plant canopy of various species. The light extinction within the canopy
follows Lambert-Beer’s law [31]:

Lnl/I, = -kL

where I is the incident light intensity on the canopy and I is the light intensity
at a certain level in the canopy where the cumulative leaf area index from the top of
the canopy is L. The value of k is the light extinction coefficient which is specific to
the respective plant canopy. The decrease in the extinction coefficient represents an
increase in light penetration into the plant canopy. A monocotyledonous plant (i.e.
rice) showed a small value of k. The meristem of rice plant locates at the junction
between the stem (leaf sheath) and root during the vegetative stage [54]. Although
the meristem rises with making anthesis, much nodal primordia with long, thin
and upright leaves still concentrate to the lower layer [54]. So, leaves are distributed
widely from the lower to upper layer of the canopy (Figure 5A). On the other
hand, a dicotyledonous plant with round leaves (i.e. soybean) showed larger k. The
meristem of dicotyledonous plant locates at the shoot apex, and this rises continu-
ously (or until flowering in determinate genotypes) [55]. Therefore, the nodal
primordia locate at various layers of the canopy. In addition, the leaves expand from
the apex of petiole. These result in the concentration of each leaf over the middle
layer of the canopy (Figure 5B, [21]).
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Figures.

Vertical distributions of leaf area index and stem dry matter weight (stem weight) of rice (A) and soybean

(B) cultivated at Mie Prefecture in Japan just before flowering (original data). Soybean (Fukuyutaka)
cultivation and the measurement of dry matter weight, leaf area and relative light intensity were mentioned in
the previous study [21]. Young vice seedlings (Koshihikari) were transplanted to the paddy field at a hill spacing
of 18 cm and a row spacing of 30 cm (18.5 hills m™) on 18 April 2016. Chemical fertilizers (N, P,0Os and K,0)
were applied at the rate of 4 g m™* as basal and 1 g m™ as top dressing on June 28. Measurements of the above
parameters were made according to that of soybean [21]. The close circle represents relative light intensity inside
the canopy. The stem includes leaf sheath (rice) or petiole (soybean). k vepresents light extinction coefficient.

The light intercepting efficiency (i.e. k) is strongly associated with morphologi-
cal leaf traits and leaf distribution in the canopy [31]. Among them, leaf erectness is
the most distinct determinant of light intercepting efficiency [31]; the improvement
of leaf inclination angle by breeding often causes high seed yield in modern rice
cultivars. In soybean, however, there is a report that light intercepting efficiency
had no influence on canopy photosynthesis [56]. In comparison with Fukuyutaka,
Misato-zairai has unstable seed yield, and un-erect and more dense leaves in the
uppermost layer of the canopy were found in this cultivar [21]. However, there is
no significant difference in light extinction coefficient between these two cultivars
[21]. Although light intercepting efficiency may be useful for soybean seed produc-
tion, the relationship among light intercepting efficiency, its related parameters and
seed yield was complicated and unclear [21, 42].

3.3 Leaf orientation adjustment
High light intensity, such as full sunlight, is harmful to plant leaves because

high light intensity induces photoinhibition in crop leaves [57]. In leguminous crop
plants, including soybean, leaf orientation in the top layer of the canopy changes
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during the daytime (paraheliotropism, light avoidant movement [58]), which
avoids receiving too much light and, as a result, photoinhibition. This mechanism
appears to be turgor-mediated; paraheliotropism is controlled by turgor changes of
the pulvinus tissue at the base of leaves [59]. Therefore, paraheliotropism is associ-
ated strongly with plant water stress; the degree of the midday avoidance becomes
more pronounced in water-stressed plants as compared with well-watered ones [58,
60]. Paraheliotropic response to soil water availability is different between soybean
cultivars. Midday leaf angle of the species which grow in the wet habitat is more
vertical than that of the species which grow in the dry habitat among wild soybeans
from habitats with different water availability [58]. On the other hand, comparison
of midday paraheliotropism between two Japanese soybean cultivars exhibited that
a major cultivar (Fukuyutaka) with stable seed yield had more vertical midday leaf
angle than that of a local cultivar (Misato-zairai) with unstable seed yield and not
erect leaves (Figure 6 [61]).

Leaf angle is composed of the inclination angle of the petiole and the angle
between the rachis and leaflets. The latter changes more largely than the former
during the daytime (Figure 6, [61]), which is associated with paraheliotropism
deeply. Meanwhile, there is also cultivar difference in the leaf orientation angle
without paraheliotropic leaf movement; for example, this angle of Fukuyutaka
is often higher than that of Misato-zairai. However, the correlation between the
inclination angle and water content in petiole, which controls leaf orientation angle
without paraheliotropism through the turgor change in the pulvinus, is similar
in these two cultivars (Figure 7) [60]. So, the leaf orientation angle without

Inclination angle (° )

50 F

Time (hr)

Figure 6.

Dugily changes in inclination angles of leaflet and petiole in Fukuyutaka (open) and Misato-zairai (close) at
beginning bloom (R1). Circle and square symbols represent leaflet and petiole, respectively. The inclination
angles of the leaflet and petiole are meant to be the angle between the horizontal plane and the lines from the
primary (stem-petiole) pulvinus to the tip of the central leaflet (leaflet) or to the secondary pulvinus (petiole)
[61].
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paraheliotropic leaf movement would depend on plant water condition through soil
water condition and water transport capacity of soybean plants.

3.4 Leaf photosynthesis

Leaf photosynthetic rate means the apparent rate of photosynthetic CO, uptake
per unit leaf area and is often expressed ‘photosynthetic rate’ or ‘CO, exchange rate
(CER)’ It is obvious that leaf photosynthesis is an important factor for determin-
ing the grain yield through canopy photosynthesis, and high yielding varieties
of rice plants often have high leaf photosynthesis and its proper response to top
dressing [62].

In Northeast China, it is indicated that leaf photosynthesis is one of the most
important genetic contributors to the yield gain through the more plant biomass
accumulation during the past 56 years [63]. Similar trends were found in North
America [64-66]. For example, the experiment with new and old Canadian
cultivars indicated that a 0.52% per yr. increases in leaf photosynthesis and
this is a level very similar to the annual yield increase shown by these cultivars
[67]. However, there are also conflicting reports on the relationship between
leaf photosynthesis and yield; some researchers report only low to moderate
correlations [8, 67], and others found no correlation [11, 68, 69]. The associa-
tion between photosynthesis and yield is likely to be strong during seed filling
period (R5-R7). Soybean leaf photosynthesis begins to decline around this
period [70, 71], and this decline includes two types: slow and rapid [39]. The
conflicting reports on the relationship between leaf photosynthesis and yield
may be due to the phenological stage at which the measurements were taken
[5]. Leaf photosynthesis is composed of mesophyll photosynthetic capacity and
stomatal opening; the latter factor controls leaf photosynthesis through the
CO, influx into the leaves. Stomatal opening also has another role in controlling
H,0 efflux from the leaves; this varies in response to various environmental
conditions to avoid excess transpiration and, as a result, leaf water shortage.
Therefore, leaf photosynthesis is sensitive to leaf water potential (indicator of
leaf water status); leaf photosynthesis of crop plants usually begins to drops in
response to the decline in leaf water potential through the decline in stomatal
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Figure 7.
Variation in inclination angles as a function of water content of petiole (A) and leaflet (B) in Fukuyutaka
(open) and Misato-zairai (close) at beginning bloom (R1) [60]. v is correlation coefficient. *, **: significant at

5% and 1%, respectively.
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conductance (indicator of stomatal opening) [72]. However, the sensitivity

of soybean leaves to soil drought is lower; stomatal conductance (indicator of
leaf water status) [73] and, as a result, leaf photosynthesis [74] are relatively
unaffected until leaf water potential drops below —1.1 MPa and then drops
dramatically [73]. These affect strongly the recovery from severe soil drought
stress: leaf photosynthesis generally decreases with the decline in stomatal
conductance even under mild soil drought condition to avoid excessive water
loss from the leaves and severe damage to mesophyll photosynthetic capacity
[72]. So, improvement of soil water condition (i.e. precipitation) can cause the
recovery of leaf photosynthesis quickly thanks to the maintenance of meso-
phyll photosynthetic capacity. However, soybean leaves keep high stomatal
conductance under relatively severe soil drought condition [73], and this is easy
to result in severe damage to mesophyll photosynthetic capacity. In addition,
soybean leaves can also keep leaf greenness under severe soil drought condi-
tion [52]. So, the symptom of drought stress in soybean leaves is not clear, and
the recovery of leaf photosynthesis is impossible if soybean leaves are drooped
by severe soil drought. Similarly, soybean leaf senescence can occur without a
concomitant loss of leaf greenness [5]. It is too difficult to measure the net leaf
photosynthetic capacity and to evaluate the relationship between leaf photosyn-
thesis and yield accurately.

4.Yield and yield components

The increase in the potential capacity of photoassimilate supply (source) is an
important matter for high crop yield; however, high yield results not only from
the increase in source alone but also from the potential capacity of photoassimilate
accepter (sink). The sink accepts and consumes the photoassimilate for its own
growth and maintenance. Soybean major sink is the economically important
harvest components (seed); soybean seed yield can be expressed as the function of
yield components as follows:

Yield = Pod number x Seed number per pod x Seed size

Seed size (g per seed) is also expressed as 100 seed weight. Pod number (no. m™)
can be separated into plant density (hill number, plant m~2) and pod number per
plant (no. plant™); plant density is relatively easy to control among yield compo-
nents through sowing. Meanwhile, pod number can be also separated into pod per
reproductive node (no.), reproductive node number per area (no. m7), percent
reproductive nodes (%) and node number per area (no. m™). Many researchers
examine the determinant period of seed yield in relation to the manipulation of
light interception by shading, defoliation and wide row spacing at various growth
periods and indicate that light interception during the period between R1 and R6
affects seed yield strongly through the response of pod and seed number [75].

Sink capacity is like a process of photoassimilate accumulation in a container; high
volume for accumulation can accept a large amount of photoassimilate, and this
results in high seed yield. Similar to other crop plants, seed number plays a determi-
nant role in sink capacity, and this increase is often associated with high seed yield
(Figure 2B) [75]. The period between R1 and R6 determines two numbers; pod
number is determined critically by light interception during the period between

V5 and R3 [39] and seed number is during R3-R6 [76]. Although pod number does
not control seed yield as strongly as seed number (Figure 2A, B), the occurrence of
seed number depends on pod number and reproductive closely (Figure 2C). High
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canopy photosynthesis during the period between R1 and R6 would affect soybean
seed yield with the increase in pod number and seed number.

Sink capacity is also associated with source in a volumatic flow of photoassimi-
late, phloem loading and unloading. For example, the removal of wheat ear at grain
filling period reduced about 50% flag leaf photosynthesis within 3-15 h, and the
outflow of *C-labeled assimilates from the flag leaves (indicator of loading) also
reduced remarkably [77]. Sink activity such as formation of flower, pod and seed
is sensitive to environmental stress, and this decline decreases leaf photosynthesis
through the restriction of phloem loading. Maintenance of sink activity contrib-
utes to high yield not only by the increases in pod number and seed number but
also by activating leaf photosynthesis. However, another major sink, Rhizobium
japonicum in the root nodules of soybean plants, is more sensitive to environmental
condition than the host plants. For example, respiration of root nodules decreases
below —0.4 MPa of root nodule water potential [78] even though leaf photosyn-
thesis is kept until —1.1 MPa of leaf water potential. Root nodules consume much
photoassimilates to fix atmospheric nitrogen into ammonium and subsequently
ureides for long-range transport [79]. The major source of nitrogen accumulation is
atmospheric nitrogen fixation by root nodule [80]; 100% (Brazil) [81] or 40-50%
(Midwestern United States) [82] of nitrogen need depends on biological nitrogen
fixation. The decline in root nodule activity would decrease not only canopy photo-
synthesis and seed filling directly by nitrogen deficiency but also leaf photosynthe-
sis indirectly through the restriction of phloem loading and unloading, and this may
be associated with the complex of soybean seed production.

5. Conclusion

As mentioned above, the researches about the relationship between seed pro-
duction, yield components and canopy photosynthesis have been conflicted, and
there is no worldwide universal theory for high yield. Even in Japan the strategy for
high yielding is different; high biomass is useful for high yield in north Japan, and
early sowing is tried to get high biomass [83]. However, high biomass often causes
lodging and results in low yield in west Japan [84]; partial defoliation of above
ground before blooming is recommended to avoid high biomass in Aichi Prefectures
[84]. In the other major crops such as rice, maize and wheat, semidwarf gene plays
an important role in high yield, and this introduction by breeding contributes to a
dramatical increase of world grain yield [31, 85]. Dwarfing is also useful for soy-
bean seed production; however, this factor alone cannot contribute to high yield.
Soybean plants itself have acclimated flexibly to various environmental conditions,
and the soybean cultivation countries increased about two times from 1961 to 2016
[86]. Realization of worldwide cultivation may be associated with the construction
of independent growth and seed production proper to the area and its climate;
therefore, it would be necessary for high soybean yield not only to expect the
worldwide universal theory for high yield but also to build the own theory for each
area in consideration of growth features and climate.
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Chapter 4

Seedling Shoot and Root Growth
Responses among Soybean
(Glycine max) Genotypes to
Drought Stress

Obed ]. Mwenye, Leon Van Rensburg, Angeline Van Biljon
and Rouxlene Van der Merwe

Abstract

Drought stress is a major limiting factor in soybean production in South Africa.
The development of soybean varieties with enhanced tolerance to soil waterlimited
induced stress (WLIS) is one sustainable way to deal with drought. Root traits
have shown strong potential for improvement of drought tolerance through breed-
ing. The objectives of this study were to evaluate seedling shoot- and root growth
responses under WLIS in order to study root morphology as a mechanism to cope
with drought stress and to determine if there were genotypic differences in shoot-
and root morphology between drought tolerant and -sensitive soybean genotypes.
Seedlings of three drought tolerant and one sensitive genotype were subjected to
soil WLIS in deep-root-pots for 21 days. Results suggested significant genotypic
differences for shoot length, number of leaves, tap root length and root-to-shoot
length ratio. Soybean tolerant genotypes were associated with moderate shoot
biomass, deep rooting abilities and maintained a large root-to-shoot ratio under
WLIS conditions. In contrast, the sensitive genotype was associated with a reduced
root-to-shoot ratio and shallower root system. Soybean genotypes showed varying
seedling root growth responses to soil WLIS, while shoot biomass characteristics
were similar.

Keywords: root, drought, tolerance, selection, soybean

1. Introduction

Soybean (Glycine max L. Merrill) is the world’s leading economic oilseed
crop [1]. It is the largest source of vegetable oil and protein in the world [2] and
a primary source of protein in the livestock feed industry in South Africa [3].
Soybean production in South Africa is limited by inadequate rainfall and soil
water-limited-induced-stress (WLIS) which characterises most production
regions [3, 4], consequently affecting the livestock industry and food security
of the country [5].

Direct selection for morphological and physiological parameters related to soil
WLIS tolerance has been used in developing drought tolerant soybean cultivars [6].
Drought tolerant mechanisms in soybean have been closely associated with the

59 IntechOpen



Soybean - Biomass, Yield and Productivity

rooting system and/or rooting pattern [7, 8]. The response of root traits to the
immediate effects of soil WLIS determines the soybean plants’ defence to drought
[7, 9]. This is because the root system is responsible for exploring and acquisition
of all the water the plant requires from the soil [10]. Plants sense water shortage
around their roots and respond instantaneously by sending chemical signals to
shoots to initiate various adaptive responses to soil WLIS [11].

Genetic variation for consultative ability and phenotypic plasticity in root growth
patterns have been reported in soybean [12, 13]. Although root traits have shown
strong potential in breeding for drought tolerance in soybean [6], the laborious and
difficult procedure involved to phenotype roots without breaking the tap root is a
big setback [14]. However, a “deep-pot” root screening method, which facilitates
removal of the root system with minimal damage and evaluation of the soybean root
architecture, has been developed [9]. This screening method facilitates root evalu-
ation efficiently at seedling stage. The present study was conducted with the aim of
discriminating drought tolerant and —sensitive genotypes through root- and shoot
morphology. Specific objectives were to determine the responses of seedling shoot-
and root length, dry matter and root length density among soybean genotypes
grown under soil WLIS using the “deep-pot” method. Study using the same four
PANNAR SEED® (Pty) LTD soybean cultivars, under similar experimental condi-
tions as at the University of Free State, South Africa has not been done before.

2. Materials and methods

2.1 Plant material and trial site

Glasshouse trials were conducted in duplicate (trial 1 from 06/09/2014 to
07/10/2014 and trial 2 from 06/11/2014 to 08/12/2014) at the Department of Soil, Crop
and Climate Sciences of the University of the Free State, South Africa in the summer
season. The plant material used included three drought tolerant genotypes (BL1, BL4
and CV2) and one susceptible genotype (CV3) obtained from the PANNAR SEED®
(PTY) LTD breeding programme (Table 1). The plant materials in the study are
grouped in the medium quick (5.7), medium (6.7) and medium late (7.0-74) maturity
groups (Table1) [15].

Glasshouse trials were conducted in deep transparent polythene pots (10 cm
diameter and 110 cm length) according to [9] with modifications. Polythene pots
were placed in polyvinyl chloride (PVC) tubes (10 cm diameter and 10 cm length) for
support and the pots were filled with soil, leaving a 5 cm space at the top (Figure1).
Soil used was an aridic ustothent soil (Bainsvlei 2300) with a reddish brown colour

Genotype Growth habit Maturity group Drought sensitivity
BL1 Determinate 6.7 Tolerant
BL4 Indeterminate 74 Tolerant
cv2 Indeterminate 7.0 Tolerant
Cv3 Determinate 57 Sensitive

Maturity group (length of the growing season of a cultivar, mostly determined by day length and temperatures):
5.7 = medium quick, 6.7 = medium, 7.0 ¢7.4 = medium late.

Table 1.
Soybean genotypes used in the study and their levels of drought sensitivity.
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Figure 1.
“Deep-pot” system used for screening shoot- and root morphology of four soybean seedling genotypes grown
under water-limited-induced-stress conditions for 21 days from sowing.

and a fine sandy texture, and contained 8-14% clay and 2-4% silt [16]. Pots were
fully saturated with water and left to drain. After seven days, three seeds from each
genotype were sown in the pots.

2.2 Experimental layout and data collection

The pots were laid out in a randomised complete block design with six replica-
tions. After germination, seedlings were thinned to one per pot. For the first 12 days
after sowing, plants were watered daily with 100 ml of water to ensure strong
seedlings, thereafter soil WLIS was induced by irrigating 100 ml every third day.
Twenty-one days after sowing (Figure 1), shoot length (SL) (cm), was measured
from the soil contact point to the tip of the plant and number of trifoliate leaves was
counted. Shoot dry weight (biomass) (g) was recorded after drying the shoots in
the glasshouse at room temperature for 72 hours.

For root measurements, the polythene pots were carefully taken from the
PVC tubes and cut longitudinally in order to safely isolate the whole root system
from the soil. Tap root length (TRL) was measured on intact roots from the soil
contact point to the tip. Total root dry weight (root biomass) (g) was recorded
after separating the roots from the soil by washing the samples on a 0.5 mm sieve.
The root samples were then dried at room temperature, weighed and root biomass
determined. After recording tap root length, shoot and root biomass, all roots
including tap root and primary roots were cut into 10 cm sections, corresponding
to the actual depths from the tubes. For root length density, root samples in the
10 cm sections were counted using a modified infra-red root counter [17] and were
converted into root length per soil layer using a standard curve generated from
standard samples and actual root length. Mass of the total root per layer was used to
calculate the root weight density per layer.

2.3 Data analysis

Data was statistically analysed using GenStat Release 18 statistical package
[18]. A combined analysis of variance (ANOVA) (Table 2) was conducted for
the duplicated trials on the data collected to partition the different sources of
variation. Means were separated using least significant difference (LSD) test
(Table 2).
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Source of Shoot No. of Shoot Tap root Root TRL/ RDW/
variation length trifoliate dry length dry SL SDW
(cm) leaves weight (cm) weight
(® (®

Replication 2.38 1.02 0.07 70.70 0.03 0.39 0.01
Trial (T) 1.02 1.02 1.56** 78.70 0.51%* 0.22 0.01
Genotype 40.34* 774 011 1552.60** 0.02 4.76* 0.02
@)

GxT 12.56 174 0.05 53.50 0.04 1.53 0.02
Residual 10.80 1.07 0.13 170.50 0.02 1.28 0.01
CV% 18.80 26.80 23.70 16.30 23.60 24.00 24.70

*, ¥, significant at P < 0.05, P < 0.01, respectively. CV = coefficient of variation, TRL/SL = tap root length to shoot
length ratio, RDW/SDW = root dry weight to shoot dry weight ratio, Gx T = genotype by trial interaction.

Table 2.
Combined analysis of variance showing mean square values for shoot- and root traits of soybean seedlings under
water-limited-induced stress at 21 days after sowing.

3. Results
3.1 Response of shoot and root traits

Significant genotype differences were observed for shoot length (p < 0.01),
number of leaves (p < 0.01), tap root length (p < 0.01) and root-to-shoot length
ratio (TRL/SL) (p < 0.05) (Table 2). Trial effects were significant for shoot and
root dry weight (p < 0.01). No significant genotype by treatment (GxT) interaction
effects were observed for any of the traits measured (Table 2).

This suggested that genotypes responded the same between the two trials for all
traits studied. Tolerant genotypes BL1 and BL4 grouped together for shoot length
(both large), while the other tolerant genotype CV2 grouped with the sensitive geno-
type CV3 (Table 3). This, together with shoot dry weight (non-significant genotype
effects), indicated that the sensitive genotype CV3 generally showed a good
shoot biomass and was not different from the tolerant genotypes, especially BL4
and CV2 (Table 3).

Source of Shoot No. of Shoot dry Tap root Rootdry = TRL/ RDW/SDW
variation length trifoliate weight length weight SL
(cm) leaves (€:9) (cm) (g)

BL1 19.58 4.42° 1.55 80.10° 0.60 4.20b° 0.40
BL4 18.12% 3.08° 1.59 95.50° 0.69 537 0.45
cv2 15.25° 325 137 75.30 0.67 513® 0.49
cv3 16.96" 467 150 68.80° 0.67 413° 0.45
Mean 17.33 3.85 150 79.90 0.66 4.71 0.45
LSDy 05 272 0.86 0.29 10.82 0.13 0.94 0.09

’Drought sensitive genotype. TRL/SL = tap root length to shoot length vatio, RDW/SDW = root dry weight to shoot dry
weight ratio, LSD = least significant difference. Means followed by the same letter of the alphabet in the column are
not significantly different.

Table 3.
Combined mean values for shoot- and root characteristics of soybean seedlings under water-limited-induced
stress conditions at 21 days after sowing.
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BL1 BL4 CV3 cv2

Figure 2.
Root lengths of four soybean seedling genotypes with CV3 as the sensitive genotype under soil water-limited-
induced-stress conditions at 21 days after sowing.
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Figure 3.
Root length density (cm cm™) distribution with depth for four soybean seedlings grown under soil water-
limited-induced stress conditions for duplicate trials: (A) trial 1 and (B) trial 2.
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Figure 4.
Root weight density (mg cm™) distribution with depth for four soybean seedlings grown under soil water-
limited-induced stress conditions for duplicate trials: (A) trial 1 and (B) trial 2.

The three tolerant genotypes (BL1, BL4 and CV2) ranked in the top three
positions for both tap root length and TRL/SL ratio, while the drought sensitive
genotype (CV3) ranked last (Table 3). This suggested that the drought sensi-
tive genotype developed a shorter tap root (as indicated in Figure 2) or had a
reduced root elongation rate compared to the tolerant genotypes due to the soil
WLIS. In Figure 2 it is evident that the three tolerant genotypes had longer root
systems than the sensitive genotype (CV3).

The root architecture system under soil WLIS was investigated by determining
the distribution of the root length density (cm cm™) and dry matter (root weight
density) (mg cm™) through the soil profile (Figures 3 and 4). Results showed that the
root systems of all four cultivars were mostly contained in the top 0-40 cm soil profile
(Figures 3 and 4). There were no marked differences in root distribution among the
tolerant genotypes (BL1, BL4 and CV2) (Figures 3 and 4). The tolerant genotypes’ roots
explored the whole soil profile to the deepest part (Figures 3 and 4).

On the other hand, it was evident that the sensitive genotype (CV3) had the same root
distribution (root length density and dry matter) like the tolerant genotypes in the
top 0-90 cm soil profile (Figures 3 and 4). However, the sensitive genotype’s roots
could not explore the deeper profile beyond the 90 cm depth mark (Figures 3 and 4).
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This suggested that the tolerant genotypes, unlike the sensitive one, could endure the
soil WLIS by exploring moisture trapped in the deep soil profiles.

4. Discussion

Drought stress tended to increase biomass partitioning to the roots. This was dem-
onstrated by the increase in the tap root length to shoot length ratio (TRL/SL) espe-
cially among the tolerant soybean genotypes (Figures 3 and 4). Similar trends were
reported by [19] using a deep-rooted pot system with 24 soybean cultivars including
exotic plant introductions (PI) lines in where it was suggested that TRL/SL
determines the effective proportion of the roots supporting the above ground
shoots. This is significant for survival under soil WLIS conditions. The large tap
root length to shoot length ratio observed for the drought tolerant genotypes might
have translated to the ability of the tolerant cultivars to access and get more edaphic
resources per unit of the above ground shoot [20, 21]. A large TRL/SL suggests a
large root surface area per unit of shoot length and this significantly increases the
capacity of the tolerant genotypes to efficiently absorb and utilise soil water per
unit dry matter [10]. The drought sensitive soybean genotype indicated to have a
lower ability to penetrate the deeper soil (Table 3).

The seedling genotypic variation observed between drought tolerant and —sensitive
genotypes for root and shoot traits, in response to soil WLIS (Table 3) agrees with
results of [7, 11, 22, 23]. Drought tolerant soybean genotypes were associated with
a deep-rooting phenotype and a large root-to-shoot ratio (length and/or mass),
unlike the drought sensitive soybean genotypes (Table 3). Thus, drought tolerant
genotypes tend to demonstrate a phenomenon called “balanced growth”, whereby
plants respond to drought by stimulating or maintaining root growth while effec-
tively reducing shoot growth [24]. Increases in root versus shoot growth under
drought conditions enhance the genotype’s drought coping ability due to increased
root-to-leaf surface ratio, continued production of new root tips, and enhancement
of plant capacity for acquiring water to support existing shoots [14]. The observed
shift in allometry under drought stress and the ability of the tolerant genotypes
to grow roots according to the distribution of available soil water thus increase
the productivity of tolerant genotypes under soil WLIS conditions. This has been
attributed to the action of ethylene and abscisic acid in the tolerant soybean geno-
types [25, 26] and is triggered by soil WLIS conditions.

5. Conclusions and recommendations

Soybean genotypes showed varying seedling shoot- and root morphology in
response to soil WLIS conditions. The tolerant and sensitive genotypes did not
differ much for shoot- and root biomass but significant differences were observed
for shoot length, tap root length and tap root length to shoot length ratio. Drought
tolerant genotypes showed deep rooting ability and larger root-to-shoot ratios
compared to the drought sensitive genotype. Consequently, the drought tolerant
genotypes increased biomass partitioning to the roots as a coping mechanism to
soil WLIS. The “deep-pot” system was effectively used to phenotype the roots
of soybean seedlings in a non-destructive manner. The system showed potential
to differentiate between drought tolerant and -sensitive genotypes at seedling
growth stage. However, in future studies more genotypes and more root traits
need to be analysed in order to efficiently classify genotypes as drought tolerant
or drought sensitive.
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Chapter 5

Tribological Behavior of
Soybean Oil

Constantin Georgescu, Lorena Deleanu
and George Catalin Cristea

Abstract

This chapter presents experimental data in the favor of using soybean oil,
additivated or not, as lubricants, the market share of the soybean oil on the lubri-
cants’ market, a SWOT analysis for better configuring the tribological characteris-
tics of the soybean oil and tribological parameters as friction coefficient, wear scar
diameter, wear rate of wear scar diameter, etc. and their dependence on testing
regime (load and speed). Also, the influence of temperature, shear rate, and oxida-
tion parameters on the soybean oil viscosity is discussed.

Keywords: soybean oil, viscosity, tribology, friction, wear, scar wear diameter

1. About soybean oil, in the favor of using it as lubricant
1.1 SWOT and market analysis

The world vegetal oil production was around 182 million tons in 2016/2017 [1].
In 2017, the bio-lubricants market was evaluated at 2.47 billion USD, and it would
value 3.36 billion USD by 2022, at a growth rate of 6.4%.

Environmental regulations, increasing production of vegetal oils, and their
applications are market drivers. But their still high price and the decline in petrol
resources are factors hindering the growth of this particular market [2]. North
America is intended to be the largest market by 2022, but Europe led bio-lubricants
market in 2016 and some of its member states (Germany, France, and Finland, but
also Norway as an economic partner) ask for environment protection and biode-
gradability standards and regulations in the favor of these lubricants. For instance,
the focus on “green chemistry“, the regulation on environment protection and
advances in research, should lead the bio lubricants to develop and gain the market
on longer term, as an increase of using them is estimated if a more strong incentive
policy is applied in European Union (Table 1).

The major restraints are deficiency in interconnecting regulations and higher
prices than petroleum-based lubricants. The North American market for soy-based
lubricants was estimated at USD 191.5 million in 2016 [4].

The Ag-Based Industrial Lubricants Research Center (USA, Northern Iowa)
patented 30 genetically modified soybean lubricants (oils and greases) for tractor,
chains, compressor, manufacturing processes and transmissions, metalworking and
cooling fluids, fluids for the food industry, oils, transformer oils, greases for cars,
railways, etc. [5].
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Industrial 2008 Production forecast 2020
applications . . . . . . . . .
Lubricants Biolubricants Biolubricants, if a Biolubricants, if a strong
[t] [t] moderate incentive policy incentive policy is
will act [t] applied [t]
Hydraulic 650,000 68,000 155,000 230,000
fluids
Oils for 50,000 29,000 37,000 40,000
chainsaws
Mold release 100,000 9000 15,000 30,000
oils
Other uses® 3,600,000 31,000 70,000 120,000
Total 4,400,000 137,000 277,000 420,000

*Lubricants for gears, engine, metal working, electric transformers, and base-stock for greases.

Table 1.
Estimation of consumption of biolubricants [3].
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Figure 1.
Soybean lubricant market in the USA, depending on the application, for the time interval 2014-2025 (in
million USD) [4].

A study of the American market reveals that the value of lubricants based on
soybean oil will constantly increase, almost similar for major applications of these
lubricants (engines, food processing, manufacturing process, and hydraulics)
(Figure 1).

Research on soybean oil as gear lubricant was published by Ibrahim [6].
Soybean oil is used as biodiesel in a small share as compared to other vegetal oils,
especially rapeseed oil, but the tribological characteristics are important even in
this application [7].

Energy resources from renewable crops have gained prominence in order to
replace petroleum products. Bio-lubricants become acceptable alternatives to con-
ventional lubricants. Despite their benefits, these are still far from being practical.
Since bio-lubricants are produced from raw vegetal oils, they have poor flow prop-
erties at low temperature and poor thermo-oxidative and hydrolytic stability. How-
ever, these shortcomings can be addressed by modifying the vegetal oils chemically
[8] or incorporating additives into the oils [9, 10]. From Figure 2, one may notice
that the production of soybean oil has been increasing constantly, and a consider-
able amount is used for producing lubricants.

Figure 3 presents the diversity in composition in fatty acids of several vegetal
oils [12]. This would be the explanation of the very particular behavior of vegetal
oils under boundary or fluid lubrication. Hence, it is necessary to control the fatty
acid composition of vegetal oils [13]. The composition in fatty acids could also vary
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Figure 3.
Vegetal oils and their composition in fat acids [12].

with soil nature, climate, and human intervention on seeds, and even for the same
place and the same type of seed, the annual conditions may influence the quality of
vegetal oil.

Strengths, weaknesses, opportunities, and threats, well known as a SWOT anal-
ysis [14], for introducing vegetal oils in environmentally sensitive industries,
agriculture, and transport, including soybean oil, as lubricants, underlines that a
set of properties should be considered when the designer decides this lubrication
solution [15-17].

Strengths in the favor of using soybean oil as oil for lubrication, either as neat,
chemically modified or additivated, are discussed:

* biodegradability [18],

* a better lubricity, low volatility and a high viscosity index [17],
71
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* better flammability characteristics (auto ignition points and higher ignition
temperature on hot surfaces) than many mineral oils and similar to those of the
rapeseed oil [19, 20],

* a good solubility for contaminants, additives, and polar deposits as compared
to mineral oils [16, 17],

* environmental (nonpolluting or environmentally friendly) [21-23],

* extraction from renewable resources (even with a reference to 100 years) or
the possibility of recycling or re-use of the lubricant [24].

Weak points for this vegetal oil include:

* lower viscosity as compared to mineral and synthetic oils [25-28],

* oxidation stability [9, 16, 19, 29-31],

* temperature range lower than that of mineral and synthetic oils [32],

* poorer properties at low temperature as compared to other lubricants
(27, 29, 33].

The user should expect this vegetal oil to change its viscosity, oxidation stability,
and polymerization during exploitation in a more intense way than mineral and
synthetic lubricants. Chemical modification of soybean oil and/or the use of anti-
oxidants [23, 34-36] could positively influence, but these will increase the cost of
lubricant.

Opportunities are related to complying with more stringent environmental
protection requirements that will minimize health and pollution risks. The
new market shares for organic and biodegradable lubricants (obtained from
renewable resources, especially plants) have increased for areas such as
hydraulic fluids, chain lubricants, mold lubricants, two-stroke engines, turbine
fluids, etc. [21].

Threats are the following:

* the need to redesign systems using bioliquids, a possibly costlier solution,

* accepting lowering some system operating parameters (especially load and
maintenance, but not limited to) [22],

* the price still high (but not forgetting that, for example, synthetic oils in the
1990s were almost 10 times more expensive than mineral ones, today the ratio
being only 3 to 1), market and users’ inertia, the diversity of environmental
and safety specifications, and a global policy that has not yet been clearly
addressed on environmental issues.

1.2 Viscosity of soybean oil and soybean oil-based lubricants
For a lubricant to exhibit a better tribological behavior, it has to have an appro-
priate viscosity that will not decrease excessively when the working temperature

increases. For many vegetal oils, their viscosity is low even at room temperature and
it decreases dramatically when the oil is heated [19, 23, 26, 37].
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Solea [19] did a comparative study for evaluating the viscosity of four vegetal
oils, including soybean oil, experimental data proving the dependence of viscosity
on temperature and shear rate (Figure 4), and tests done with the help of a
rotational viscometer Rheotest2. The mineral oil OMV VG 46 was tested for com-
parison reason. In the temperature range 30-60°C, a more accentuated decrease of
dynamic viscosity is noticed as compared to that characterizing the range 60-90°C.
On the entire range of tested shear rates, the lowest decrease of viscosity was
obtained for the corn oil (75.81%) and for the soybean oil (76.25%). For all tested
vegetal oils, the dynamic viscosity decrease was 75-80%. This “agglomeration” of
data may be the results of similar composition in fatty acids (see Table 2).

The dynamic viscosity of oils also decreases when temperature increases, for
different shear rates (Figure 5), and for the lubricants tested in [19], the values have
the tendency to agglomerate in the narrow range at higher temperatures (60-90°C)
and for higher shear rates (Figure 5). This behavior has been also noticed in [38, 39].
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Figure 4.
Viscosity as a function of temperature for four vegetal oils and a hydraulic mineral oil for comparison reason
(OMV ISO VG46), at two shear vate [19]. (a) Shear rate 10 s~*. (b) Shear rate 80 s™*.

Fatty acid Symbol Olive oil Soybean oil Corn oil Rapeseed oil
Mpyristic acid C14:0 — 0.11 0.05 0.05
Palmitic acid C16:0 12.6 12.7 12.4 4.84
Palmitoleic acid C16:1 1.20 0.13 — 0.06
Heptadecanoic acid C17:0 0.10 0.05 0.12 0.14
Heptadecenoic acid C171 0.10 0.06 0.05 —
Stearic acid C18:0 — 5.40 2.10 0.14
Oleic acid C18:1 79.30 21.60 28.45 62.73
Linoleic acid C18:2 4.70 52.40 54.10 22.4
Linolenic acid C18:3 0.80 5.70 1.10 7.50
Arachidic acid C20:0 0.40 0.25 0.40 0.50
Eicosenoic acid C20:1 0.25 0.20 0.35 1.25
Behenic acid C22:0 — 0.50 0.10 0.30
Erucic acid C22:1 — 0.16 — —
Lignoceric acid C24:0 0.16 0.20 0.10 —
Table 2.

Fatty acid composition of the tested oils [19].
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Dynamic viscosity of soybean oil and a hydraulic mineral oil OMV 1SO VG46, for different shear rates [19].

The temperature increase intensifies the intermolecular movement and reduces the
attraction among oil molecules.

Solea [19] also measured the viscosity of soybean oil after oxidation, and data
reveal a weak point of this vegetal oil: the oxidized soybean oil has an increasing
viscosity with the time it bears oxidation (Figures 6 and 7). The forced oxidation is
realized by circulating air in the oil with a stable temperature.

Only a difference of 10°C of oil in the oxidation test (from 110 to 120°C) for tests
during 10 hour modifies the dynamic viscosity of soybean oil, measured at 30°C
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Figure 6.

Dynamic viscosity of soybean oil at 30°C, as a function of shear rate and oxidation time, after oxidation [14].
(a) After oxidation at temperature of 110°C. (b) After oxidation at temperature of 120°C.
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Figure 7.

Dynamic viscosity of soybean oil at 90°C as a function of shear vate and oxidation time (air flow 20 l/h in
25 mlof 0il) [19]. (a) After oxidation at temperature of 110°C. (b) After oxidation at temperature of 120°C.
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(Figure 6), but also at 90°C (Figure 7), with more than 300%, making the oxidized
oil not to be recommended in applications where this oil has a working temperature
more than 110°C and the oxidation could be generated (splash lubrication).

Figure 8 presents the influence of temperature on the dynamic viscosity of
soybean oil when it is measured after oxidation during 5 and 10 hours, respectively,
at constant temperatures of 110 and 120°C.

A similar tendency of evolution for soybean viscosity with shear rate and tem-
perature obtained Esteban [40] and Cristea [41] but the latter for higher shear rates,
using a Brookfield CAP 2000+ viscometer with cone 8 (Figure 9).

In terms of temperature viscosity dependence, the nanoadditives based on car-
bon (black carbon, graphite, and graphene) are separated in two groups:
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Figure 8.

Variation of dynamic viscosity of soybean oil, at shear rate of 80 s™*, non-oxidized and oxidized at different

temperatures: (a) Oxidation at constant temperature 110°C. (b) Oxidation at constant temperature 120°C

[19].

Sovbean oil + 1% nano additive
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0.06 | »— Sovbean oil + nano graphene
—8— Sovbean oil + nano graphite
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Figure 9.
Dynamic viscosity of soybean oil, nonadditivated, and additivated with 1% wt nanoadditive (tests done at
shear rate 1000 s™*) [41].
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* black carbon does not significantly affect this dependence,

* nanographite and nanographene move down the curves of the dynamic
viscosity dependence on temperature.

For any tested temperature and shear rate, the dynamic viscosity of soybean oil
may be ordered [19]:

nsoybean oil <T5 hour oxidation soybean oil < N10 hour oxidation soybean oil

The increase in dynamic viscosity could be a criterion when evaluating the
oxidation of vegetal oil. The soybean oil in modern applications especially needs a
high degree of chemical stability of the lubricant.

2. Additivation of soybean oil
2.1 Classification of additives

Based on several relevant works in the literature [12, 42-45], the authors pro-
pose the classification given in Table 3.

Friction modifiers are adsorbed or fixed to the surface and form a film or a
powdery intermediate layer that reduces friction. They can be classified into two
distinct groups depending on the friction reduction mechanism:

* through the adsorbed film,
* by friction with the third body.

The first is generally due to polar molecules having a polar functional radical
(alcohols, aldehydes, ketones, esters, and carboxylic acids) and a nonpolar terminal
group. The polar group of the molecule adheres to the surface with long chains
exposed to moving surfaces, reducing friction. They may also have polar elements
that can chemically react with the surface to form a protective film. Vegetal oils and

Additives for lubricants

Modifiers of Modifiers of  Improvers of tribological behavior
chemical physical 3 .
properties properties At'myvear and Extreme pressure additives
friction
modifiers
Deposit control ~ Viscosity Inorganic Phosphorus additives, like
additives control dialkyldithiophosphate (ZDDP), sulfur
additives additives, sulfur-phosphorus additives,
hosphorus-nit dditives, nit
Antioxidation ~ Poor point Organic brosphotus—itiogen acditives, mtrogen
o additives, halogen additives, mixt additive
additives depressants
package
Detergents Antifoaming
additives
Toxicity Dispersants
Biodegradability
Table 3.

A classification of additive for lubricants.
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animal fats have such molecular structures, and therefore, they have good results in
reducing friction.

Solid lubricants are added to vegetal oils with the same purpose of reducing
friction and wear. This group includes not only carbon materials (fullerene,
nanotubes, graphite, graphene, etc.) but also molybdenum and wolfram sulfides
and fluorinated polymers, such as polytetrafluorethylene (PTFE) and perfluoropo-
lyalkylethers (PFPAE). These can also be added in greases and composites that will
function in dry conditions [46]. Solid lubricants (micro or nano) also help in
situations where sliding surfaces have a rougher texture, “leveling” the profile of
both surfaces. They are also recommended for reciprocal movements (in the case of
the piston ring), which also produces a reduction in wear. They are added to
lubricants that come into contact with surfaces with which EP (extreme pressure)
additives cannot chemically react, such as polymers and ceramics and some of their
composites [42].

Friction modifying and wear reducing additives can be grouped into solid lubri-
cants and organic modifiers. The first group consists of carbon materials (graphite,
graphene, black carbon, and fullerene), lamellar sulfides (tungsten and molybde-
num), metal salts (boron nitride), and metal oxides (CuO, ZnO, and TiO, [47],
which is not mentioned in [23]) but also linear polymers (polytetrafluoroethylene)
[48]. Among the organic additives that act as friction modifiers are carboxylic acids
or derivatives (stearic acid and esters), amides, imides, amines and their derivatives
(oleyl amide, etc.), phosphoric and phosphonic acid derivatives, and organic poly-
mers (methacrylates) [42, 43]. Regeneration of the friction reducing layer depends
on additive concentration and conditions in which the tribosystem operates (speed,
load, temperature, and contamination) [42].

Literature reported relatively low results on nanofluids as lubricants, mostly on
transformer oil, silicon oil, gear oil, and heat transfer oil [49]. Limited investigations
on the influence of nanoadditives on vegetal oils are presented [12]. Even if modern
equipment working under high load, speed, and thermal conditions requires cooling
and efficient lubrication, and for this concept, mineral and synthetic oils are still
preferred and investigations on vegetal oils are needed for particular applications
with environmental impact and in the perspective of oil resources extinction [50].

2.2 Specific processes for lubrication with nanoadditives

Wou et al. [43] propose a model that considers the lubricating additive concen-
tration (see Figure 10). Although the model was created after experiments with
TiO; as additive, it can be used to explain the behavior of lubricants with other
nanoscale particles (metal 40 oxides, carbon materials, etc.). The fluid lubrication
mechanism with nanoadditives has been also described in the works [52-54].

The mechanism for reducing friction and antiwear mechanism of nanoparticles
in lubricants has been investigated, and it is based on the following processes [43]:

* micro-roll process [51, 55],

* process of forming a protective film [56-59],

* smoothing/leveling process [60],

* polishing process [51, 61], (Figure 10).

The first two mechanisms have a direct effect on lubrication [61]. In the case of
rolling, no chemical reactions occur, and spherical or oval nanoparticles are willing
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Figure 10.
The lubricating mechanism of water-based lubricants and TiO, as an additive. (a) rolling effect, (b) mending
effect, (c) polishing effect, and (d) effect of protective film [51].

to roll. The lubrication mechanism of nanoparticles as friction modifiers includes
three types of friction [62]:

¢ rolling friction—spherical nanoparticles act as micro or nano ball roller
bearings between triboelement surfaces under light load conditions,

* sliding—nanoparticles serve as spacers and eliminate direct metal/metal
contact between the asperities of the two triboelements, under higher load
conditions,

* rubbing with the third body—exfoliating nanoparticles and their outer layers
gradually transfer to surface texture, providing easier friction under high load
conditions, when the third body can be considered a mixture of oil,
nanoparticles, and wear particles.

The use of nanoparticles as lubricant additives is a top issue of research in the
last decades [43, 63].

A spherical nanoadditive in contact [63] could act like a damper between two
asperities in contact. It could change its shape becoming flatter when the load
increases, thus, protecting a larger surface against rubbing (Figures 11 and 12).

Jayadas et al. [64] calculated the advantage of using additives in oils, based on
the results of the shear rate and the temperature influence on the viscosity of the
additivated lubricant. Wu et al. [51] reported increased load capacity of the
additivated lubricants. Many studies were based on a single concentration of the
additive. The effect of varying viscosity due to nanoparticle concentration is diffi-
cult to model, and therefore, tests become relevant.

_;’"'““P"'“d‘ Contact Zone S;'u“,f;':f
I | |
Point Contact Line Contact Planar Contact

Figure 11.

Shape of a nanoparticle with the surface, under different operating regime [63]: punctual contact (low or no
load), linear contact (mild load), and severe load (the move of surfaces one against another produces the
sheaving between additive and surface and not one among asperities).
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Figure 12.
The effect of relative size of surface texture and additive particles: particle with similar dimensions as the profile
and particles smaller than the valleys of the texture [63].

c)

Figure 13.
Photos taken from the work of Lahouij et al. [65], the steps (here only two) through which a particle of WS,
(wolfram disulfide) passes into a loaded contact.

A study by Lahouij et al. in 2012 [65] shows how the WS, (wolfram disulfide)
particle protects the direct contact between metal asperities (Figure 13). The ovoid
structure functions as a shock absorber and either the structure collapsed, or the
particle was fragmented, it continued to remain between the two solid bodies. The
hollow core of the particle was visible, and the deformation was large at the begin-
ning of the stress, but as the load increased, the particle behaved like a variable-
elasticity spring, the elastic characteristic actually increasing. Then, the particle
begins to tear or scissor, and, finally, the WS, particle exfoliated in fragments.

From the studied literature, there is a tendency for deep research on additives in
vegetal oils, especially those intended for lubrication. Attention should be focused
on the dispersion of nanoadditive and the selection of dispersant.

3. Tribological characterization of lubricants based on soybean oil
3.1 Tribological parameters and testing equipment related to lubricants

In order to assess the quality of lubricants, it is important to establish the test
methodology (equipment, parameters, and investigations during and after testing).
Their selection depends primarily on the practical use for which the lubricant is
tested, and the selected tribotester should approach as much as possible to the
technical system in which the lubricant will be introduced.

Tribological tests can be grouped in severe tests and tests under normal working
conditions. The here-presented results could be appreciated as moderate regimes.

Depending on the future application and the researchers’ abilities and know-
ledge, tribological characterization will be done by a set of parameters, one being
insufficient for this purpose. The evaluation of the results is often done by accepting
a compromise, as durability and reliability of a system are influenced by synergic
effects of actual dynamic parameters. There are presented several parameters that

79



Soybean - Biomass, Yield and Productivity

Figure 14.
Four ball machine ("Lubritest” Laboratory, “Dunarea de Jos” University of Galati).
could be taken into account for evaluating tribological behavior, with particular
reference to four-ball tester (Figure 14), even if there are other tribotesters used for
establishing the lubricating capabilities of vegetal oils: pin-on-disc, ball-on-disc,
reciprocating rigs [66], etc.

The coefficient of friction (COF) may be analyzed by the following parameters:

* instantaneous value (i.e. at t time), paying attention to minimum and
maximum values,

* mean value over the duration of the test (1 hour in this study, the number of
samples per second being important in getting some peak values),

* average value over the last minutes of the test (argumentation: there are
research reports presenting the average for 10 minutes, 5 minutes, as these
time intervals are considered to be a stabilized domain),

 variation interval of the friction coefficient for 1 hour and for the last 10
minutes.

Several wear parameters for the tests done on four ball machine are given
bellow:

Wear scar diameter (WSD) is the arithmetic average of the six diameter mea-
surements, two on each of the three fixed balls of a test. For each ball, the wear
diameter was measured in the direction of sliding and perpendicular to it. This value
represents the diameter of the wear scar reported for each of the performed tests. The
same method of obtaining the wear diameter is also given in specialized literature
[66-68].

Wear as volume loss, considering the surface of wear scar as plane [69], is
calculated as a sphere calotte having the diameter equal to the average wear scar
diameter (see Figure 15):

2

1/D\’ 1 1 /D\’
— .. PR3 _ _ = _ = _ R e 3
V=r-R|1 1 i <R> 1 3 1 1 I <R> [mm ] (1)
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Figure 15.
The sphere calotte for calculating the worn volume on a ball.

where R is the ball radius; WSD is the wear scar diameter (calculated as average
of six values of wear scars on fixed balls along sliding and perpendicular to it).

Wear rate of wear scar diameter is still rarely used, but it is more convenient for
comparing results on four ball tribotester. Since the duration of the test is 1 h, the
sliding distances are different for different speeds. For instance, for ball of 12.7 mm
in diameter, tested 1 hour (this time being often selected by researchers), the sliding
distance depends on the sliding speed in contact (that could be calculated knowing
the rotational speed of the main shaft of the four ball machine): L(v = 0.38 m/s) =
1378.8 m; L(v = 0.53 m/s) = 1933.2 m; L(v = 0.69 m/s) = 2487 m. It is possible that
the simple graph of the WSD dependence on additive concentration, load, and
speed is not relevant due to the difference in the sliding distances, and then, on the
basis of the literature [70], the wear can be also evaluated by another parameter
called the wear rate, w:

o AV
T FxL

[mm®/(N - m)] (2)

where AV is the variation in sample volume (volume of removed material), F is
the loading force; L is the sliding distance. The product F x L is the mechanical
work done by the tribosystem; in other words, the wear rate shows the loss of
material volume for the mechanical work unit performed by the system. The
authors used a parameter named the wear rate of wear scar diameter, w(WSD)),
calculated as:

WSD

w(WSD) = Fxl [mm/(N - m)] 3)

where WSD is the wear scar diameter (calculated as average of six values of
wear scars on fixed balls, along sliding and perpendicular to it), F is the load applied
on the four balls, L is the sliding distance.

Since Blok had developed the concept of “flash-temperature” [71] in 1963, even
critical comments on the constraints and limitations characterizing the model have
accepted that this parameter is strongly depending on the local peak of the heat flow
generated by friction [72]. Flash temperature parameter (FTP) is related to the
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critical flash temperature, above which a given lubricant does not operate in a
convenient manner (it becomes ineffective) under the imposed conditions. Litera-
ture offers several relationships for calculating FTP, the authors selecting the one
given by Marcher [72]:

FTP = [N/mm"*] (4)

WSD1.4

where F is the applied load on the four ball tribotester, in N; WSD is the average
of the six measured wear scar diameters on the fixed balls in one test. Under
constant load, there is an indirect proportionality between FTP and wear scar
diameter.

FTP allows for evaluating the lubrication capacity of a fluid, especially under
high loads, as these generate high temperature on rubbing surfaces, as it is the case
of rolling mill and cutting processes. For a lubricant, FTP reflects the lowest
temperature at which the liquid evaporates, risking auto-ignition in air. High
values of this parameter are associated with a positive characteristic of a lubricant
as it does not evaporate if the temperature in contact is low and the fluid film is
thick enough to reduce friction and to avoid direct contact of asperities. Thus, the
heat flow generated by friction will not be so high. These low temperatures and a
reduced friction may also characterize boundary lubrication. Low values of FTP
indicate the damage of the fluid film.

Oil film strength (OFS) is calculated using the load on a contact between the
mobile and fix balls, Q , in N:

Q 0408 F 1632-F
A, A, - -WSD?

Q=

OFS = (5)

~ 0.408 - F 6
3cos@ ®)

F is the applied load on the four ball tribotester, [N]; 0 is the angle between the
load direction on the main shaft of the four ball machine and the direction of normal
load in the contact between the rotating ball and one fixed ball (6 ~ 35.264°); A is
wear area, calculated with the average WSD for the three fixed balls [mm?].

Maps in tribological analysis are useful in assessing trends and determining test
regimens for which two or more variables influence the tribological parameters;
thus, the tribological behavior of the system is better revealed.

Investigations of the worn surfaces and used lubricants could be done with the
help of FTIR (Fourier Transform Infrared) spectrometry, 3D profilometry [73, 74].

3.2 Tribological characteristics of soybean oil

Lubricant properties influence the tribological behavior of a system, one of the
most important being the dynamic viscosity.

Georgescu presented a report [75] on different grade of rapeseed and soybean
oils. The antiwear characteristics were tested for the following parameters: load on
four ball tester—100 N, 200 N, and 300 N; sliding speed—0.46 m/s (1200 rpm),
0.57 m/s (1500 rpm), and 0.69 m/s (1800 rpm); test duration—60 minutes (rpm—
rotations per minute of the main shaft of the four ball machine). Balls, as delivered
by SKF (Swedish Ball Bearing Factory), are mirror-finished, with the arithmetic
mean of absolute values of the ordinates z(x), measured from the mean line
Ra = 0.02-0.03 pm and made of EN31 steel grade (also named 100Cr6) steel grade,
having a hardness of 60-66 HRC and a diameter of 12.7 & 0.0005 mm. Average
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values of friction coefficient (COF) for the 1 hour testing on four ball machine are
acceptable for the tested soybean oils (below 0.1), but generally higher than those
for mineral oil, a proof for a thinner film generated in contact at least for the tested
parameters (Figure 16).

Comparing the wear rates of WSD for the tested oils, one may notice that the
two soybean oils produced lower values than those obtained with the transmission
mineral oil T90, for the load range 100-200 N (see Figure 17). At F = 100 N, both
vegetal oils are acceptable for actual applications, but at F = 200 N, FTP is almost
double for vegetal oils as compared to T90 and at high speed, the degummed
soybean oil becomes competitive. At highest speed and load, values of FTP are
closer, above 800 N/mm™*. T90 has a more pronounced increase of FTP with load
and less with speed. This difference suggests the necessity of testing a lubricant and
not to estimate by general considerations.

Based on four ball test data, Georgescu concluded that the vegetal oils could be
acceptable and comparable with nonadditivated mineral oils like T90 [75]. The
degumming process makes this soybean oil to generate a more intense wear, meaning
that the eliminated substances would have contributed to a better tribological behav-
ior. The problem is that the coarse oil is less stable in time and exposed to oxidation.

Values of COF are higher for the soybean oils suggesting a mixt or boundary
regime, especially for load of 100 N. FTP was better, its values being greater than
1200 N/mm™* for soybean oils, under the load of 200 N. For F = 100-200 N, FTP
for T90 was in the range 550-680 N/mm"*. For F = 300 N, this parameter is kept at
1000-1200 N/mm"* for all tested oils, only for speeds of 0.46 m/s and 0.57 m/s.
The conclusion of the study presented by Georgescu [75] is that these two soybean
oils could be used as lubricants for low loads and moderate speeds, and the
degumming process does not influence significantly the tribological behavior, at
least for the tested regimes, as evidenced by FTP values in Figure 18 and by those
for OFS in Figure 19. Each parameter has values in a narrow range for both coarse
and degummed soybean oils. The higher difference in FTP for these soybean oils
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Figure 16.
Influence of load and sliding speed on the average value of COF [75]. (a) Coarse soybean oil (cold pressed). (b)
Degummed soybean oil. (c) Transmission oil T90.
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Figure 17.
Influence of load and sliding speed on the wear rate of WSD (wear scar diameter) [75]. (a) Coarse soybean oil
(cold pressed). (b) Degummed soybean oil. (¢) Transmission oil T9o.

was noticed only for moderate load and that could be explained by the presence of
gummy products in coarse soybean oil.

Cristea [41] reported the tribological behavior of soybean oil and soybean oil
additivated with carbon-base nanoparticles, in different concentration (0.25, 0.5,
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Figure 18.

FTP as function of load and sliding speed [75]. SB—coarse soybean oil, SBD—degummed soybean oil,
T9o—transmission oil. (a) 100 N. (b) 200 N. (c) 300 N.
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Influence of load and sliding speed on the oil film strength (OFS) [75].

and 1%wt). Figure 20 presents scanning electron microscopy (SEM images) for the
nanoadditives that were supplied by PlasmaChem [76]:

* nanoamorphous carbon—average particle size ~13 nm, specific surface area
2
~550 m*/g,

* nanographite—average particle radius 400-450 nm,
* graphene—nanoplates with a thickness of 1.4 nm and a particle size of up to 2 pm.

Figure 21 presents the evolution of COF over time, depending on load and
speed, for two tests with the same parameters (F, v) when the four ball tribotester is
lubricated with soybean oil. One may notice that, at the tested highest speed
(v = 0.69 m/s), COF is less influenced by the applied load and performs in a narrow
range meaning that speed is more important in generating a continuous fluid film,
as argued by Dowson and Higginson for elasto-hydrodynamic lubrication [37].

a} b} P T c:l s

Figure 20.
Scanning electron microscopy for nanoparticles added in soybean oil [41]. (a) Black carbon. (b) Graphite.
(c) Graphene.
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Figure 21.
The evolution of COF over time, depending on load and speed, for two tests with the same parameters

(F, v) [41].

A representation of the wear rate of WSD (Figure 22) helps the researcher to
observe the evolution trends of the parameter of interest according to two variables,
here the tribotester load and the sliding speed of the rotating ball on the three fixed
balls. For the range of analyzed loads and speeds, nonadditivated soybean oil had a
downward trend with increasing load and speed. This trend is also consistent with
Dowson and Higginson’s argument on generating the elasto-hydrodynamic film [37]
as wear will be reduced if the fluid film interposes between solid triboelements. They

have shown that the speed factor U = 5,(U1 + Us)/ (ZE’ *R,) has the greatest influ-
ence on the minimum thickness of the fluid. For low-viscosity oils, the material factor

G (a - E') cannot participate in film formation to the same extent as the viscous oils at
the working temperature of the contact [77]. (Uy, U, are the relative speeds of
triboelements in contact, ;, is the lubricat viscosity at areference temperature, E is
the equivalent Young modulus of the solid elements and, R, is the equivalent radius of
the contacting surfaces, a is the pressure-viscosity coefficient of the lubricant). In
addition, vegetal oils are characterized by a high viscosity index, that is, the variation
of this characteristic with the temperature is low, especially at temperatures above
50-60°C (see Figure 4). Images of wear scars in Figure 23 point out a change of
texture quality, especially when load increases to F = 300 N, even if the wear rate of
WSD is the lowest for this load and all the tested speeds.

Cheenkachorn [78] studied three types of soybean oils (two given in Table 4,
the third being an epoxidized soybean oil is simply the conventional soybean oil, in
which all double bonds are epoxidized to form epoxide rings. Each of these oils was
additivated with 1% ZDDP (Zinc dialkyldithiophosphates).
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Figure 22.
Wear rate of WSD for the nonadditivated soybean oil [41].
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The values of friction coefficient for all six oils (Figure 24a) show no clear
trend. At 25°C and all speed conditions, epoxidized soybean oil without an antiwear
additive has the highest friction coefficient. This is due to the fact that viscosity of

Figure 23.
The wear scars obtained with the soybean oil without additives v = 0.69 m/s [41].

Fatty acid Symbol Concentration, %wt
Refined soybean  Soybean oil  High oleic soybean  Soybean oil
oil [41] [78] oil [78] [79]

Miritic acid C14:0 0.11 0.1
Palmitic acid C16:0 127 10.5 7 15
Palmitoleic Clée:1 0.13 0.15
acid
Heptadecanoic ~ C17:0 0.05 0.15
acid
Stearic acid C18:0 5.40 4.1 4 6.78
Oleic acid C18:1 21.60 23.4 83 26.6
Linoleic acid C18:2 52.40 52.6 3 46.3
Linolenic acid C18:3 5.70 7.2 2 2.69
Arachidicacid  C20:0 0.25 0.61
Gondoic acid C20:1 0.20
Eicosadenic C20:2 0.50
acid

Table 4.

The characteristic fatty acid composition for the soybean oil, modified or not.
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Figure 24.

Influence of different grades of soybean oil on friction coefficient (a) and wear scar diameter (b). Test
conditions: 0.5 h, F = 110 N, v = 900 rpm, NSB—normal soybean oil, ESB—epoxidized soybean oil, HSB
—high-oleic soybean oil, + AW—additivated with 1% ZDDP [78].
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epoxidized soybean oil is higher than those of conventional soybean oil and high-
oleic soybean oil. When the temperature increases, the viscosity of epoxidized
soybean oil decreases. This results in a better oil circulation and forming of a
multiple-layer film, which reduces the friction coefficient.

When comparing the results obtained by Cristea for refined soybean oil (see the
first column in Table 4) with balls with very close characteristics [41], but for 1 hour
test, 100 N at 1000 rpm, the higher value of WSD (0.413 mm) was just a little bit
higher than that obtained by Cheenkachorn [78] for half testing time, meaning that
during a longer time test, the wearing process is more intense especially in the begin-
ning of the test, and the wearing process is slowing down due to lubricity of the
lubricant (boundary lubrication) but also to the accommodation of surface textures in
contact. ZDDP showed no clear influence on the trend of friction coefficient. For
epoxidized soybean oil and high-oleic soybean oil, the temperature predominantly
affected the wear scar diameters. This additive introduced in tested vegetal oils makes
the temperature to have less influence on WSD (Figure 24b), and this being explained
by the protection offered by the additive to the rubbing textures of the balls.

Zhao et al. [79] tested two types of oils with high viscosity, synthesized by
nitrogen plasma polymerization of soybean oil. The nitrogen atoms were incorpo-
rated into the molecule of polymerized oil, and these three nitrogen heterocyclic
compounds played a key role in improving tribological characteristics of polymer-
ized oils. The lubricating properties of polymerized oils were tested on the four ball
tester. The load-carrying capacities of polymerized oils reached 940.8 and 1049 N,
respectively, higher than that of the unmodified soybean oil (646.8 N). They
showed better antiwear properties under all tested loads and possessed preferable
friction-reducing performances when the applied load surpassed 250 N. It was
found that the nitrogen heterocyclic structure containing six atoms of nitrogen
possessed higher coordination capacity than the ester groups of soybean oil and
could form a durable organic nitrogen complex film on the metal surface. Simulta-
neously, the blended oils with different viscosity grades, which were prepared by
diluting the polymerized oil with dioctyl sebacate, show excellent receptivity on the
antiwear/extreme pressure additives of zinc dialkyl dithiophosphates and sulfurized
isobutylene. Nitrogen plasma was used to open the C=C of soybean oil for poly-
merization. The values of kinematic viscosity (at 40°C) of the two polymerized
soybean oils (PSO1 and PSO2) increased to 285 cSt (100 cSt = 1 cm?/s) and 576 cSt
from 33.8 cSt, respectively, and the viscosity indexes of PSO1 and PSO2 reached 220
and 283, respectively. The tribological characteristics (wear scar diameter and fric-
tion coefficient) are given in Figure 25, showing that the polymerization of soybean
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Figure 25.

Tribological characteristics of soybean oil, polymerized soybean oils (PSO1 and PSO2) and 150BS (industrial
mineral oil with kinematic viscosity 601 ¢St at 40°C and 31.4 ¢St at 100°C, viscosity index 77) at different
loads [79]: wear scar diameter (a), friction coefficient (b).
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oil produces a decrease of WSD as compared to that produced by soybean oil. The
friction coefficient seems to depend on the polymerization process, its values being
less influenced by the load for the soybean oil PSO2. These better results for PSO2
may be explained by the nitrogen content, higher for PSO2, as result of a different
time of polymerization.

3.3 Soybean additivation with carbonic materials
3.3.1 Labovatory formulations of additivated lubricants

The problem to be solved with such antiwear additives is their dispersion in oil.
Cristea [41] proposed a method of obtaining a good dispersion taking into account
that the tested base oil is a mixture of fatty acid triglycerides (see Table 4, first
column). The steps followed in this laboratory technology were:

* mechanical mixing of the additive and an equal amount of guaiacol (supplied
by Fluka Chemica) with the chemical formula CsH4(OH)OCH; (2-
methoxyphenol) for 20 minutes; this dispersing agent is compatible with both
the additive and the soybean oil (the mass ratio of the additive in the dispersing
agent is 1:1, with an accuracy of 0.1 mg);

* gradually adding the soybean oil, measured to obtain 200 g of lubricant with
the desired additive concentration (0.25%wt, 0.5%wt or 1%wt), by mixing
with a magnetic homogenizer during 1 h;

* ultrasonication + cooling: 200 g of lubricant for 5 minutes using the Bandelin
HD 3200 sonicator (Electronic GmbH & KG Berlin) sonicator; the lubricants
are heated to about 70°C; the cooling time was 1 hour; this ultrasonic + cooling
step is repeated five times to obtain a total of 60 minutes of sonication. The
parameters of the ultrasonic regime are: 100 W power, frequency
20 kHz 4 500 Hz, continuous mode.

Figure 26.
Particles of nanoblack carbon on wear scar. Test conditions: v = 0.38 m/s, F = 200 N, time 1 h, lubricant:
soybean oil +1% nanoblack carbon [47].
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The method of sonication was also used for getting an acceptable dispersion of
nanoparticles in lubricants by [80, 81].

3.3.2 Soybean oil additivated with nano carbon

Investigations by the help of scanning electron microscopy show that nanocarbon
particles are on the friction surfaces as nanoagglomerations (Figure 26), on the
surface texture of the wear scar. These particles or agglomerations appear to be rolled
up and are likely to act as nanorolling elements, which explain low friction coeffi-
cients during the test (see Figures 27 and 28). The problem is that these particles are
not uniformly distributed over the contact surfaces, producing a preferential wear on
the particle-free areas. As the particles migrate in motion, these areas are prone to
direct contact. This may be the explanation for the variation of the friction coefficient
over time and with large amplitudes (Figure 27) and the variation of the average
value of friction coefficient in larger ranges (Figure 28).

The friction coefficient plots of Figure 27 are done using a moving average of
200 values, the recorded samples being of 2 values per second. The discussion of the
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The evolution of COF over time, depending on load and sliding speed for two tests with the same parameters
(F, v) Cristea [82].
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Average values of friction coefficient (COF) during a test of 1 hour (two tests with the same parameters) [82].
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evolution of the friction coefficient over time is based on the comments done by
Czikos [66]. Thus, the coefficient for the soybean oil with nanocarbon is spread on a
large interval for the lowest speed, but at v = 0.69 m/s, after a period with high
values, COF performs in a narrow interval, under 0.06, meaning a full lubrication
(Figure 27). For additivated lubricants, the tendency is to reduce the friction
coefficient after a period of operation of 10-15 minutes.

Analyzing Figure 28, it is noted that at a concentration of 1.0% of nanocarbon, the
friction coefficient becomes lower for higher load (F = 300 N) and high speed
(v = 0.69 m/s). Under the minimum test load (F = 100 N), the COF oscillation range is
the largest. Also, this regime gives less influence on wear rate of WSD (see Figure 30).

For nanocarbon additivated lubricants, average values of COF below 0.1 were
obtained for all tests, except for the regime F = 100 N, v = 0.38 m/s, and v = 0.53 m/s
and for F = 300 N, v = 0.38 m/s but just a little over 0.1. Addition of nanocarbon in
soybean oil resulted in a COF decreasing trend for extreme test regimes ([F = 100 N,
v = 0.38 m/s] and [F = 300 N, v = 0.69 m/s]). In the remaining combinations of test
parameters, the influence of additivation on COF is not obvious.

This antiwear additive does not have a very clear influence on improving the
tribological behavior of the soybean oil. Although the friction reduction mechanism
exists in the presence of the additive, which is the interposition of carbon
nanoparticles between the friction surfaces, as a third body friction, due to the
migration of these particles (because they are not bonded to the surfaces) and to
their uneven distribution in the contact, the tribosystem behaves more unstable
than that using neat soybean oil. In a statistical approach, at some time moment and
area of the contact, it could come in contact with particles sufficiently to reduce
friction and wear, but during operation, there could be times when this number is
low enough to have a mixt contact, and the oscillations between these two situations
could explain the variations in friction coefficient and higher values for WSD.

Figure 29.
Wear scar obtained with soybean oil +0.25% nanocarbon, F = 300 N (optical microscopy) [82]: v = 0.38 m/s
(a), v =0.53m/s (b),v=0.69 m/s (c)
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Wear rate of wear scar diameter (WSD) for amorphous nanocarbon-additivated lubricants [41].
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Since particle distribution is not even in contact during operation, this type of
antiwear additive cannot help to improve tribological behavior because it does not
reduce the friction coefficient and does not reduce the WSD as compared to those
produce with neat soybean oil. The authors believe that the additive should be
bonded (physically or chemically) for better results.

From Figure 29, it is noticed that the wear pattern did not increase too much
with the speed, but the quality of the surface has considerably worsened, which
justifies the profilometry study in [41, 73].

The wear rate of wear scar diameter, w(WSD), helps to determine the influence
of the concentration of this nanoadditive. In graphs in Figure 30, the neat oil is not
given. The additive, either with 0.25% or 1%, makes the wear parameter to visibly
decrease with speed only for low load (F = 100N). Comparison with nonadditivated
soybean oil is highlighted on the maps in Figure 39, where 0% additive concentra-
tion is for the neat oil. It can be noted a decrease of w(WSD) with load for all
concentrations and speeds, for the additivated lubricants; the slope of the speed
dependence for the same load is lower. At v = 0.38 m/s, the influence of the additive
concentration is insignificant and the additivation would be justified in the field of
high force for all speeds.

For nanocarbon additivated lubricants, w(WSD) is less sensitive to additive
concentration, especially for F = 300 N. The nonadditivated soybean oil can be
recommended for light regimes (equivalent to F = 100-200 N and speed v = 0.38-
0.69 m/s). The almost linear dependence of WSD on the concentration of this
additive is only observed for combinations with F = 100 N. For the tested regimes
(F =100-300 N and v = 0.38-0.69 m/s), the results are not in the favor of
nanocarbon additivation of the soybean oil.

3.3.3 Soybean oil additivated with nanographite

Figure 31 shows the evolution over time of COF for all tests performed with
soybean oil additivated with nanographite. There is a narrowing of its evolution
range for v = 0.69 m/s for all loads and a scattering of higher COF values for low
speeds and loads.

Analyzing Figure 32, it can be noticed that, at F = 100 N (first horizontal line),
the nanoadditive does not dramatically alter COF average. At high load (F = 300 N),
COF increased for all additivated soybean oils as compared to the neat oil. The
explanation would be that the graphite does not cover the entire surface of the
contact but is only present in contact in the form of nanorolls, the reduced friction
being zonal. There are also direct friction areas and friction areas with the third
body (where nanoparticles or microparticles generated by agglomerating the first
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Figure 31.

The evolution of COF over time, for different loads and speeds, for two tests with the same parameters

(F,v) [82].
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Average values and scattering intervals for two tests performed with the same parameters (F, v, ¢) [82, 83].

ones due to load and surface texture). It appears that the presence of graphite
prevents the generation of EHL (elasto-hydrodinamic lubrication) film as COF has
higher values, toward 0.1, especially for F = 300 N. No lower average COF values
than those for the soybean oil have been obtained, except for tests: (F = 100 N, v =
0.38 m/s) and (F = 100 N, v = 0.53 m/s), with a graphite concentration of 0.25%wt.
But the differences are too small to highlight an influence of the additive or the test
regime. High values for wear rate of WSD at low load and speed imply more intense
abrasion, which occurs if the lubricant film does not form and/or if the additive
does not protect the contact. Maybe local particle agglomerations make the friction
coefficient to oscillate and, when they migrate in contact, they allow one
triboelement to fall over the other, in direct contact under higher load than if it had
not encountered the graphite agglomerations.

Analyzing the photos in Figure 33, it can be noticed that the nature of the wear
pattern does not change significantly, resulting from the abrasive wear process and
with rare adhesive wear spots at higher loads.

v=0.38 m/fs v=0.53m/fs v = 069 m/fs

F= 100 N

F=300N

Figure 33.
Photos of the wear scars of the soybean oil +1% nanographite [82].
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Comparing the graphs in Figure 34, they are similar in appearance, regardless of
the concentration of the nanoadditive. The wear rate decreases with increasing load;

for load F = 300 N, the wear rate of WSD is less influenced by speed.
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Wear rate of WSD for nanographite additivated lubvicants [82].
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The evolution of COF in time, depending on load and speed, for two tests with the same parameters (F, v) [41].
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Average values and spread range of friction coefficient (COF) for two tests performed with the same parameters

(F, v, C) [41].
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3.3.4 Soybean oil additivated with graphene

The evolution of COF over time is given in Figure 35, better ones being
obtained for the highest concentration. COF variations have shortcuts or growth
levels, which can be explained by the dynamics of COF components (dry
friction, third body rubbing in areas with graphene nanoparticles, and partial
fluid friction).

The addition of graphene does not improve COF but keeps it very close to the
values of neat soybean oil. At v = 0.38 m/s, the highest values were obtained
irrespective of the concentration of the additive, suggesting that the improvement
in friction (in the sense of reducing it) is due to the increase in speed (Figure 36)
[41] and not on the additive, but the graphene does not prevent the formation of the
fluid film.

WSD does not significantly increase but the texture of the surface visibly
changes (Figure 37), and the wear rate of WSD indicates a better tribological
behavior of additivated soybean oil with graphene, but for more severe regimes
(F =200-300 N and v = 0.53-0.69 m/s), from this set of observations, the impor-
tance of correlation in the interpretation of several tribological parameters is
pointed out.

High values were obtained for the mildest test regime (F = 100 N, v = 0.38 m/s).
One could argue that a low loaded contact does not keep the additive in contact
(pressed and hung on the texture). The lowest value for the most severe regime
(F =300 N, v = 0.69 m/s) was explained by forming the EHD film and maintaining
the nanoadditive in contact.

v=038 mfs v=0.53 m/fs

F= 100 N

F= 300 N

Figure 37.
Optical microscope photos of wear scar diameter, after testing with soybean oil +0.5% nanographene [41].
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w(WSD) of soybean oil additivated with nanographene [41].
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The wear rate of WSD (Figure 38) is similar for 0.25 and 1%, meaning
the additive concentration (0.25-1%) does not influence to much the wear. It seems
that the wear is smaller for longer sliding distances and higher sliding speeds.

3.4 Maps for tribological parameters

The influence of the quality of the additive is manifested not only by the mini-
mum value but also by the map area for which the minimum values of w(WSD) are
spread (Figure 39). The lower surface of the map was noticed for graphene at 1%
wt, between F = 200 N and F = 300 N and v = 0.69 m/s, less influenced by the
amount of additive. For carbon, the low wear rate area is narrower. At v = 0.38 m/s
and the lowest tested load, the lowest value of w(WSD) is obtained for graphite.
The concentration of 1% nanoadditive enlarges the domain of reduced wear rate,
meaning the load and speed have less influence on the test regime, especially for
higher values for both parameters.

Maps were represented using a spline interpolation, and the surfaces are “com-
pelled” to include the experimental data. A point on a wear rate map area is the wear
rate of WSD for a test characterized by the set of input parameters (F [N], v [m/s],
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Figure 39.
Maps of w(WSD) for lubricants tested at two sliding speeds [41].
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and c [%]), where F is the normal load on the four ball tribotester, v is the sliding
speed, and c is the mass concentration of nanoadditive.

4. Conclusions and new trends in using soybean oil as lubricant

Friction coefficient and wear rate of wear scar diameter are important
tribological characteristics, and they are compared in Figures 40 and 41 for
neat soybean oil and the same oil additivated with nanocarbonic additives. COF
has higher average values for soybean oil with graphite. This fact could be
explained by local agglomerations of the nanosheets of graphite that migrate in
contact, causing a mixt regime especially when the COF values overpass 0.1.
Agglomeration of nanoparticles could also explain the balls. The high values in
light regimes could be explained by the fact that the particles are not pressed
enough to fill and remain on the surface texture).

The downward trend of wear rate of wear scar diameter, w(WSD), had a higher
gradient for lubricants with 1% nanoadditive (Figure 41), which would recom-
mend further testing for more severe regimes, where additives are likely to better
protect the surface of the contact.

Analyzing these tribological parameters, the authors consider that a combination
(a low and constant evolution in time of friction coefficient, a small WSD, and a
high value of FTP) makes the lubricant to have a good reliability in functioning.
These laboratory test results have to be carefully applied when designing an actual
applications with such a lubricants as in practice, the range of parameter variations
is larger because of perturbations like vibrations, mechanical shocks, operator’s
errors, humidity, higher temperature gradients, etc.
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Figure 40.
Influence of additive in concentration of 1% on the friction coefficient [41].
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Maps of the wear rate of WSD for lubricants additivated with 1% nanoadditive [41].
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Chapter 6

Row Spacing and Seeding Rate
Effects on Soybean Seed Yield

Matthew Schutte and Thandiwe Nleya

Abstract

Soybean growers in the northern latitudes of the United States plant the crop in a
wide range of row spacings although there has been a shift toward wider rows
(>50 cm) in some Upper Midwest states in the last 5 years. The objective of this
study was to evaluate the impact of row spacing and seeding rate on the perfor-
mance of soybean and to determine whether these management practices interact
to influence soybean yield. A row spacing study was conducted at Aberdeen and
Beresford, South Dakota, USA, in 2014 and 2015. The study had two row spacings
(19 and 76 cm), four seeding rates (247,000, 333,500, 420,000, and
506,500 seeds ha '), and two soybean varieties at each location. Soybean had
greater stand establishment in 19 cm rows (6-10% higher) compared with 76 cm
rows. Soybean in 19 cm rows yielded 0.8-10% more than in 76 cm rows depending
on the location or year. Seed yield increased with increasing seeding rate with the
highest seeding rate of 506,000 seeds ha™! yielding greatest. The increase in seed
yield due to the increase in seeding rate ranged from 3 to 7%. At each location, the
longer duration soybean variety yielded higher than the shorter duration variety.

Keywords: soybean, Glycine max, row spacing, seeding rate, seed yield

1. Introduction

Soybean (Glycine max) is the second most planted crop after corn worldwide
and is the second most important source of crop revenue in South Dakota [1].
Research conducted in the Upper Midwest of the United States documents a con-
sistent yield advantage, in the range of 134-604 kg ha ™, for soybean grown in
narrow row spacings (<50 cm) when compared to those grown at wider row spac-
ings (50-76 cm) [2-4]. Another research, however, showed no yield advantage to
narrow row spacing [5]. Cox and Cherney [6] reported that soybean drilled in 19 cm
rows yielded 7% more than soybeans planted with a row crop planter in 38 cm rows
and 17% more than soybean planted in 76 cm rows in Northeastern United States.
Even with these reports of yield advantage or no yield difference, 69% of soybean
growers in South Dakota, 54% in Nebraska, and 49% in lowa grow soybean in 76 cm
row spacing or wider [1].

Lee [7] reported that in Central and Southern United States row spacing studies
usually found no increase in yield in narrow rows over wider rows. This was
confirmed by Thompson et al. [8] who reported that yield responses to narrow row
spacing in the Mid-South United States were inconsistent and mainly influenced by
weather. The increase in yield from narrow row spacings in the Northern United
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States has been attributed to a shorter growing season meaning soybean has limited
time to reach maximum radiation interception prior to flowering. Narrow rows
therefore increase radiation interception during the critical periods for grain set
resulting in earlier canopy closure and less light being usable for weeds if initial
weed control is satisfactory [9-12]. Along with higher rate of light interception, less
evapotranspiration was reported in narrow rows due to faster canopy closure and
thus resulted in a higher water-use efficiency [13]. However, in years of drought
stress, narrow rows can deplete soil water sooner by increased vegetative growth
and result in insufficient soil water availability during reproductive stages and
therefore no yield advantage over wider rows [2, 14].

Some studies have reported row spacing x seeding rate interactions with soy-
bean yielding greater with higher seeding rates and narrow rows when compared to
wide rows [3, 6, 15, 16]. Cox et al. [3] reported a greater profit of US$30 ha ' with a
seeding rate of 420,000 seeds ha " in 19 cm rows compared to 321,000 seeds ha*
in 76 cm rows due to yield increase outweighing seed costs. Other studies have
reported similar optimum seeding rates between narrow and wide rows and there-
fore no interaction between row spacing and seeding rate [17-19]. Ricks et al. [20]
reported that the optimum seeding rates for South Dakota typically range between
355,000 seeds ha ! and 381,000 seeds ha—*. However, they also reported that higher
yields have been reported with seeding rates greater than 406,000 seeds ha ™.

Carpenter and Board [21] reported that soybean plants compensate for space in
the canopy by adding branches, and they found no yield response to increased
seeding rates. This was supported by Cox and Cherney [6] who found that not only
did soybean plants compensate with biomass, pods, and seeds per plant at lower
seeding rates but also found that soybean compensated for wider rows (>38 cm) as
well. They also found that though soybean plants do compensate for both lower
seeding rates and wider rows, they were less efficient at compensating for wider
rows than for lower seeding rates, meaning that row spacing had a greater effect on
yield than seeding rate. Wiatrak and Chen [22] found that increasing seeding rate
may improve soybean growth at early vegetative stages, which in turn can result in
increase in yield. However, they found that seeding rates above 272,000 seeds ha!
did not follow this trend and did not increase vegetative growth.

White mold (also called Sclerotinia stem rot), a disease caused by the fungus
Sclerotinia sclevotiorum, is a yield-limiting soybean disease in North Central United
States. Management practices such as narrow row spacing, increased plant
populations, early planting dates, and high-soil fertility can increase soybean yields
but have the unintended consequence of increasing white mold development within
the soybean canopy [23, 24]. While fungicides are available to control white mold,
complete control of the disease using only chemical management is usually not
possible [24]. Thus, in addition to fungicides, management strategies for controlling
white mold in soybean include cultivars selection and management practices to
reduce canopy density [24, 25]. Planting in wide row spacings or at lower plant
populations delays canopy closer, reduces canopy density, and thus prevents favor-
able conditions for white mold development [24, 26].

With increase in soybean planted in wider rows (50-76 cm) in South Dakota and
neighboring states in the Upper Midwest, there is a need to evaluate the value of
this practice especially with recent research results suggesting that narrow rows
have an advantage or at least yield the same as wider rows in the Upper Midwest.
The objectives of this study were to (i) determine the effect of row spacing and
seeding rate on soybean yield and (ii) measure the interactions between the two
management practices.
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2. Materials and methods

The study was conducted at two locations, Southeast Research Farm, Beresford,
South Dakota (SD) (43.052548°N, 96.904135°W), and Aberdeen, SD (45.464698°
N, 98.486483°W) in 2014 and 2015. At Beresford, the soil textural classification was
Egan-Clarno-Chancellor complex, fine silty, and fine loam [27]. At Aberdeen, the
soil textural classification was Great Bend fine silty, mixed, superactive, and frigid
calcic Hapludolls [28]. The experimental fields were plowed in the fall and culti-
vated twice in the spring before planting soybean. The soybean was grown under
dryland conditions. The total rainfall and mean air temperature for each growing
season are shown in Table 1.

The experimental design was a randomized complete block in a split-plot
arrangement, with four replications. The main plots were two row spacings. Sub-
plot treatments were four seeding rates of 247,000, 333,500, 420,000, and 506,500
viable seeds ha ' and two soybean varieties arranged in a factorial design. The two
row spacings were 19 and 76 cm rows. The soybean varieties were different at each
location based on maturity grouping ideal for the area and were also slightly differ-
ent in resistance to white mold. At the Aberdeen location, the varieties were 0906R2
and 1108R2 and at Beresford were 2306R2 and 2408R2 (Channel, St. Louis, MO). At
each specific location, varieties 0906R2 and 2306R2 were of shorter duration than
1108R2 and 2408R2. The rating for white mold were 3 for 0906R2, 4 for 1108R2, 3
for 2306R2, and 6 for 2408R2 on a scale of 1-9 (1 resistant and 9 susceptible) [29].

In 2014, the planting dates were June 9 and May 28 at Aberdeen and Beresford,
respectively. In 2015, the planting dates were June 9 at Aberdeen and June 10 at
Beresford. For the 76 cm row spacing, soybean was planted in four rows that was
6.4 m long and trimmed back to 5.5 m when they reached the V3 stage. The center

Average monthly temperature (°C)

Location Year  May June July August  September  October  Average

Aberdeen 2014 12.89 17.53 19.61 19.58 15.33 9.14 15.68
Aberdeen 2015 12.94 20.56 22.58 20.42 18.39 10.44 17.56
30-year average 13.55 18.65 21.80 20.56 14.95 7.29 16.1
Beresford 2014 1531 20.19 20.50 21.14 16.47 10.31 17.32
Beresford 2015 14.58 20.83 22.14 20.22 19.61 11.42 18.13
30-year average 15.03 20.53 22.81 21.56 16.58 9.41 16.2
Monthly rainfall (mm) Total
Aberdeen 2014 55.37 84.07 17.78 157.23 25.40 6.60 346.46
Aberdeen 2015 16231  53.34  103.12 74.68 9.40 41.66 444.50
30-year average 78.99 93.98 75.95 61.72 55.63 50.55 416.60
Beresford 2014 62.99 342.90 27.18 75.18 61.47 34.54 604.27
Beresford 2015 89.66 90.42 150.11 179.07 92.46 26.42 628.14
30-year average 9246  110.74 83.31 72.39 74.42 54.61 487.90

Source: High Plains Regional Climate Center, University of Nebraska, http://xmacis.rcc-acis.org/ #, last accessed 6/13/
2018.

Table 1.
Monthly average air temperature and rainfall at Aberdeen and Beresford, SD, for 2014 and 2015.
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two rows were harvested for yield data, while the outer two rows were buffers. For
the 19 cm row spacing, soybean was planted in 16 rows that is 6.5 m long and
trimmed back to 5.5 m at V3 stage. The eight center rows were harvested for yield
data with eight buffer rows on either side. The data collected included the number
of plants ha ! at the V4 growth stage determined by counting the number of plants
in the middle two rows for the 76 cm row spacing and eight rows for the 19 cm row
spacing and converting to plants ha . Seed yield was determined by harvesting two
center rows (76 cm spacing) and eight center rows (19 cm spacing) with a small-
plot combine (Massey Ferguson 8XP, Duluth, Georgia, USA). Seed subsamples
from each plot were taken to determine moisture, protein, and oil content. Seed
moisture was determined by weighing seed samples before drying at 60°C for

48 hours and reweighing the samples after drying to adjust seed moisture to 13% or
130 g kg . Seed protein and seed oil were determined using a near-infrared trans-
mittance (NIT) spectroscopy (Infratec 1229 Grain Analyzer, Foss Tecator AB).

Weeds were managed with a preemergent herbicide application of
S-metolachlor (Dual II) (Bayer CropScience, Research Triangle Park, NC) and two
in-season application of glyphosate (PowerMax) (Monsanto Company, St. Louis,
MO). The insecticide Baythroid [cyano(4-fluoro-3-phenoxyphenyl)methyl-3-
(2,2-dichloro-ethenyl)-2,2-dimethyl-cyclopropanecarboxylate] (Bayer
CropScience, Research Triangle Park, NC) was applied when soybean aphids (Aphis
glycines) reached economic thresholds.

Data were analyzed using PROC MIXED of SAS (SAS Research Institute, NC).
Years and blocks were treated as random, and all other effects were considered
fixed. Levene’s test was used to test for the homogeneity of variance. After com-
bined analysis revealed interactions between location and year, the data were split
by year and then by location to analyze the significant interactions between row
spacing, variety, and seeding rate within each location. Mean separation was
performed using Fisher’s protected LSD (0.05).

3. Results and discussion
3.1 Climate and weather

Average temperatures were slightly warmer at Beresford compared to Aber-
deen, although in 2015, September was much warmer compared to 2014 at both
locations (Table 1). Rainfall amounts and timing varied considerably for each
location and each year. Aberdeen was drier (70.1 mm less rain) than long-term
average in 2014 and wetter (28.1 mm more) than long-term average in 2015.
Beresford was wetter than long-term average in both years with June 2014 receiving
132.1 mm more rain than average. The warmer and wetter conditions at Beresford
in both years were conducive to overall better soybean growth and yield when
compared to Aberdeen.

3.2 Established plant population

In 2014, the effects of row spacing on number of plants ha~* and percent stand
establishment (relative to seeding rate) were significant (<0.001) at both locations,
while in 2015, row spacing effects were significant for the two traits (P = 0.02 and
0.01, respectively) only at Aberdeen (Table 2). Overall, plant establishment was
greater in narrow rows compared with wide rows. On average, the difference in
stand establishment between the two row spacings was greater at the Aberdeen
location (10% points) compared to Beresford (6% points). Greater stand
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establishment in narrow rows has been observed by others in the Upper Midwest
[2, 16]. As expected increasing seeding rate increased the number of established
plant ha™" at both locations and in both years. Percent established plants relative to
the target population, on the other hand, decreased significantly as the seeding rate
increased, and this was true in three of the four location-years. The rate of decrease
in percent established plants was variable among location-years ranging from a high
12% drop between the lowest and the highest seeding rates at Beresford in 2015 to
the lowest drop of 6.1% at Aberdeen in 2015. The reason for this is not clear, but
Bruns [30] also reported a decrease in percent established plants with increasing
seeding rate. However, it is generally accepted that under optimal conditions, stand
establishment is about 80% of the seeding rate [30, 31]. In this study we achieved
80% stand establishment for all seeding rates except for the highest seeding rate of
506,500 at Beresford in 2014 and 2015 and in Aberdeen in 2015.

The row spacing x seeding rate interaction effects were significant at Aberdeen
in both years (Tables 2 and 3). The interaction was due to the fact that the decrease
in the number of established plants or percent stand establishment with increase in
seeding rate was lower for the 19 cm row spacing when compared to the wider row
spacing in both years (4.7% vs. 17.2% in 2014; 2.4% vs. 5.9% in 2015).

3.3 Seed yield

Row spacing, seeding rate, and variety effects on seed yield were significant in
both years at Aberdeen and in 2015 at Beresford (Tables 4 and 5). In 2014, only
seeding rate significantly affected seed yield at Beresford. In all four location-years,
the narrow row spacing of 19 cm outyielded the wider row spacing of 76 cm with
the yield advantage ranging from 37 to 424 kg ha ' or 0.8 to 10%. Our results agree
with earlier finding by other researchers in the Upper Midwest [2-4]. The advan-
tage of narrow rows in the Northern United States is attributed to a shorter growing
season and related canopy development and light interception. Narrow rows speed
the rate of canopy closure and hence increase light interception [11, 12]. Earlier
canopy closure means less moisture loss through evapotranspiration and results in
higher water-use efficiency [13]. However, it is important to note that the advan-
tage of narrow rows can diminish under moisture stress. Soybean plants grown in

2014 2015
Row spacing Seeding rate (SR) Plant  Percentage (%) Plant Percentage (%)
(S) (cm) (seeds ha™1) (ha™) stand (ha™) stand
19 247,000 246,368 99.7 215,273 87.1
333,500 323,209 96.9 288,825 86.6
420,000 397,359 94.6 362,975 86.4
506,500 484,963 95.7 429,052 84.7
76 247,000 215,273 87.1 193,896 78.5
333,500 252,786 75.8 265,055 79.4
420,000 293,908 69.9 327,694 77.9
506,500 354,304 69.9 367,908 72.6
SE 3759 1.08 7306 1.9

Table 3.
Interaction of row spacing and seeding rate for established plants ha™" and percentage (%) stand establishment
at Aberdeen, SD, in 2014 and 2015.
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Aberdeen Beresford
Row spacing Yield Seed protein Seed oil Yield Seed protein  Seed oil
(S) (cm) (kgha™®)  (gkg™) (gkg™) (kgha™)  (gkg™ (gkg™)
19 41892 336.1 180.2 4765 347.9a 178.0
76 3765b 321.7 179.9 4728 344.3b 179.0

Seeding rate (SR) (seeds ha™?)

247,000 3863b 307.8b 180.9 4542¢ 343.5¢c 179.5a
333,500 3964b 333.2ab 180.2 4743b 344.4bc 179.2ab
420,000 3986ab 336.1a 179.6 4832ab 346.6b 178.1bc
506,500 4095a 336.4a 179.6 4868a 350.0a 177.4c

Variety (V)*

0906R2/ 3888b 327.4 179.2b 4765 344.0b 178.8
2306R2
1108R2/ 4067a 329.3 180.9a 4727 348.2a 178.3
2408R2

Analysis of variance (P > F)

S <0.001 0.187 0.549 0.566 <0.001 0.121
SR 0.007 0.113 0.199 <0.001 <0.001 0.004
S x SR 0.853 0.470 0.971 0.192 0.228 0.131
\% <0.001 0.841 0.001 0.386 <0.001 0.258
VxS 0.024 0.408 0.098 0.056 0.699 0.887
V x SR 0.195 0.428 0.147 0.249 0.143 0.608
V x S x SR 0.823 0.461 0.777 0.639 0.705 0.393

*Within each column and each treatment, means followed by the same letter are not significantly different (P 0.05).
*Soybean varieties 0906R2 and 1108R2 were grown at Aberdeen and 2306R2 and 2408R2 at Beresford.

Table 4.
Seed yield, seed protein concentration, and seed oil concentration of soybean as influenced by row spacing,
seeding rate, and variety at two locations in South Dakota in 2014.

narrow rows can deplete soil water early in the growing season resulting in insuffi-
cient available water during the reproduction stages of growth [14, 20].

Seeding rate effects for seed yield were significant for both years and locations
(Tables 4 and 5). In all four location-years, the top seeding rate of
506,500 seeds ha ' yielded significantly higher than the other three seeding rates,
while the three lower seeding rates of 247,000, 333,500 and 420,000 had similar
yields at Aberdeen in 2014 and 2015 and at Beresford in 2015. Carpenter and Board
[21], Cox et al. [32], and Thompson et al. [8] reported no yield response of soybean
to seeding rate and attributed this to the fact that soybean compensates for space in
the canopy by adding more branches. Similarly, Cox and Cherney [6] reported that
soybean compensated with more biomass, pods, and seed plant ' at lower seeding
rates. On the other hand, other researchers have reported that increasing seeding
rate can result in greater yield [22, 31]. While the present study supports the later
research findings, it is important to note that the seed yield increase observed in this
study due to seeding rate was very low ranging from 3 to 7%. This supports the
reported [6] compensatory power of soybean plants at lower seeding rates.

Row spacing x seeding rate interaction for seed yield was significant only at one
location-year (Beresford, 2015). The interaction was due to the fact that the narrow
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Aberdeen Beresford
Row spacing Yield Seed protein Seed oil Yield Seed protein  Seed oil
(S) (cm) (kgha™®)  (gkg™) (gkg™) (kgha™)  (gkg™ (gkg™)
19 4174a* 325.8 195.3b 4521a 331.4a 195.0
76 4018b 326.7 198.7a 4325b 328.4b 195.8

Seeding rate (SR) (seeds ha™?)

247,000 4042b 3232 197.7 4390b 329.4 195.4
333,500 4068b 328.3 196.8 4394b 330.1 195.8
420,000 4087b 325.4 197.1 4395b 329.8 195.5
506,500 4185a 326.2 196.6 4510a 330.3 194.9

Variety (V)#

0906R2/ 4058b 322.7b 1971 4319b 328.1 195.7
2306R2
1108R2/ 4133a 328.8a 196.9 4526a 330.7 195.1
2408R2

Analysis of variance (P > F)

S <0.001 0.956 0.041 0.003 0.021 0.372
SR 0.003 0.097 0.605 0.008 0.965 0.774
S x SR 0.155 0.621 0.892 0.029 0.089 0.915
\% 0.008 <0.001 0.839 <0.001 0.282 0.335
VxS 0.895 0.018 0.160 0.269 0.069 0.771
V x SR 0.004 0.675 0.008 <0.001 0.384 0.065
V x S x SR 0.038 0.682 0.221 0.487 0.948 0.154

*Within each column and each treatment, means followed by the same letter are not significantly different (P 0.05).
*Soybean varieties 0906R2 and 1108R2 were grown at Aberdeen and 2306R2 and 2408R2 at Beresford.

Table 5.
Seed yield, seed protein concentration, and seed oil concentration of soybean as influenced by row spacing,
seeding rate, and variety at two locations in South Dakota in 2015.

row spacing of 19 cm yielded significantly higher than the wider row spacing (76 cm)
only at higher seeding rates of 420,000 (yield 5% higher) and 506,500 (yield 7%
higher) (data not presented). Previous research results on row spacing x seeding rate
interactions are in dispute with some researchers [3, 6] reporting row spac-

ing x seeding rate interactions and soybean yielding greater at higher seeding rates
and narrow row spacing as reported at Beresford in 2015. Other researchers have
reported similar optimum seeding rates for both narrow and wider rows [8, 18, 19].
The current results are more in agreement with the later reports as 3 of 4 location-
years did not show significant row spacing x seeding rate interaction.

Variety effects for seed yield were significant at Aberdeen in 2014 and 2015 and
at Beresford in 2015. The varieties were chosen based on adaptation to the region
but also were different in white mold ratings. At each location, the longer duration
variety had a higher white mold rating (less resistant) than the shorter duration
variety. In both years and in all instances, where varietal effects were significant,
the longer duration variety was the higher yielding of the two. However, the dif-
ference was not considered to be related to white mold since white mold scouting
showed little to no white mold infection in both years and locations. Instead, the
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yield difference is attributable to season length and the longer duration variety
maximizing yield due to extra growing days. This was supported by the fact that
variety x row spacing interaction effects on seed yield were significant only in one
location-year (Aberdeen, 2014). Even then, the interaction was due to the longer
duration variety (1108R2) yielding significantly higher than the shorter duration
variety (0906R2) (3906 vs. 3624 kg ha ) when seeded in 76 cm row spacings, but
the two varieties yielding the same (4227 vs. 4151 kg ha ') when seeded in 19 cm
rows. White mold, if present, would be a bigger problem under narrow rows due to
high humidity under a dense canopy [4, 24]. The fact that the row spacing x variety
interaction was observed in only 1 year and under wider rows further confirms that
the yield advantage of long duration varieties was related to season length.

Variety x seeding rate effects on seed yield were significant at both locations in
2015 (Table 5). The interactions are presented in Table 6. At Aberdeen the inter-
action was due to the fact that the longer duration variety showed an increase in
seed yield with increasing seeding rate with the best yield obtained at a seeding rate
of 506,500 seeds ha . For the short duration variety, however, trends were differ-
ent with the lowest seeding rate of 247,000 seeds ha ' yield the same as the highest
seed rate (Table 6). At Beresford, the variety x row spacing interaction was, again,
due to inconsistent performance of varieties at different seeding rates with the
longer duration variety yielding highest at the lowest seeding rate. These results are
not surprising as soybean plants respond to environmental conditions and can
compensate for lower plant populations by producing more branches [32].

3.4 Seed protein and seed oil concentration

Row spacing, seeding rate, and variety effects for seed protein concentration
were significant at Beresford in 2014 (Table 4). Seed from narrow rows had higher
protein than from wider rows, while protein concentration increased with increas-
ing seeding rate, and the longer duration soybean variety had higher seed protein

Yield (kg ha™)

Seeding rate (seeds ha™) 0906R2 1108R2

Aberdeen (2015)

247,000 4103a* 4034b
333,500 3985b 4099ab
420,000 3980b 4196a
506,500 4166a 4204a

Beresford (2015)

2306R2 2408R2
247,00 4178b 4602a
333,500 4326a 4464b
420,000 4352a 4439b
506,500 4420a 4601a

*Within each column and year, means followed by the same letter are not significantly different (P 0.05).

Table 6.
Seed yield of soybean as influenced by seeding rate and variety at two locations in South Dakota in 2015.
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than the shorter duration variety. In 2015, variety x row spacing effects were
significant for protein at Aberdeen, while row spacing effects were significant at
Beresford (Tables 4 and 5). The longer duration variety had higher seed protein at
Aberdeen in 2015, while the narrow row spacing, again, had higher seed protein
than the wider rows at Beresford in 2015. In 2014, variety effects were significant
for seed oil concentration at Aberdeen, while seeding rate effects were significant at
Beresford. The longer duration variety, 1108R2, had higher seed oil concentration
than the shorter duration variety, 180.9 and 179.2 g kg ', respectively. At Beresford,
seed oil concentration decreased with increasing seeding rate with the highest
seeding rate of 506,500 seed ha " having 2.1 g kg™ " lower oil concentration than the
lowest seeding rate. In 2015, row spacing and variety x seeding rate effects for seed
oil concentration were significant at Aberdeen (Table 5). The wider row spacing
had significantly higher seed oil concentration than the narrow row spacing (198.7
vs. 195.3 g kg ). There were no clear trends to explain the variety x seeding rate
interaction for seed oil concentration rather than that oil concentrations for both
varieties were inconsistent from one seeding rate to the other. Research results on
the effects of row spacing or seeding rate on protein content and seed oil concen-
tration are not readily available. One consistent relationship, among studies, has
been a negative correlation between seed protein and seed oil concentration. This
negative correlation can be attributed to various genetic and environmental factors
[33]. One possible explanation for the inconsistent relationship between row spac-
ing and seeding rate and grain quality could be explained by water availability
during seed filling. Rotundo and Westgate [34] found that water stress during seed
filling (R5-R7) reduced protein and oil accumulation in soybean. Accounting for
differences in water availability during seed filling and season could explain the
major differences in research results for the row spacing and seeding rate studies.
For example, longer duration varieties have prolonged seed maturation period
resulting in greater oil or protein accumulation. Wider rows may preserve soil
moisture making soil moisture conditions more favorable during the seed filling
period and therefore greater oil concentration in the seed.

4, Conclusions

A considerable number of growers in the Upper Midwest continue to grow
soybean in wide row spacings (50-76 cm). Results from the present study and
others indicate that soybean planted in narrow rows of 19 cm have higher yield
potential when compared to soybean planted in wider rows. Soybean yield
responded to seeding rate with maximum yield obtained at a seeding rate of
506,500 seeds ha " with no significant interaction between row spacing and seeding
rate. In terms of soybean variety, the longer duration variety at each location had
higher yield. Although the current results indicate that the best soybean yield can be
obtained when the crop is seeded in row spacings of 19 cm at seeding rates of
506,500 seeds ha~?, it must be noted that management choices for growers are
influenced by a number of factors. In addition to yield potential, growers consider
equipment costs associated with changing row spacings and disease and lodging
problems associated with narrow rows or high seeding rates. And because of high
costs of soybean seed, economic optimum seeding rates are usually less than seeding
rates that result in highest yields. However, it is important that growers in the
Upper Midwest consider seeding soybean in narrower rows as the current results
and many others show that soybean planted with such row spacings have higher
yield potential than soybean planted in wider rows.
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Abstract

Plants are meta-organisms that are associated with complex microbiomes. Many
of the microorganisms that reside on plant surfaces (epiphytes) or within plant
tissues (endophytes) do not cause any plant diseases but often contribute signifi-
cantly to the nutrient supply of their host plant and can help the plant to overcome
avariety of biotic or abiotic stresses. The yield potential of any plant depends not
only on successful plant traits that improve, for example, the adaptation to low
input conditions or other stressful environments but also on the plant microbiome
and its potential to promote plant growth under these conditions. There is a grow-
ing interest to unravel the mechanisms underlying these beneficial plant microbe
interactions because the activities of these microbial communities are of critical
importance for plant growth under abiotic and biotic stresses and could lead to the
development of novel strategies to improve yields and stress resistances of agro-
nomically important crops. In this chapter, we summarize our current understand-
ing of the beneficial interactions of soybean plants with arbuscular mycorrhizal
fungi, nitrogen-fixing rhizobia, and fungal and bacterial endophytes and identify
major knowledge gaps that need to be filled to use beneficial microbes to their full
potential.

Keywords: arbuscular mycorrhizal symbiosis, biological nitrogen fixation,
endophytes, rhizobia, tripartite interactions

1. Introduction

The plant rhizosphere and phyllosphere is colonized by a wide range of epiphytic
and endophytic microorganisms, and these microorganisms can establish benefi-
cial, neutral, or detrimental associations of varying intimacy with their host plant.
Recent developments in sequencing technologies have enabled us to study the com-
position and function of plant microbiomes, but these microbiomes are dynamic
and differ among different plant tissues and in response to the environment. The
microbiome can also be seen as “the second plant genome” and can consist of 10
times more genes than typical plant genomes [1]. Beneficial microorganisms that
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are associated with plants hold enormous potential to be developed into microbial
fertilizers or microbial pesticides [2] and new biotechnological tools to improve the
nutrient efficiency and stress tolerance of crops, and environmental sustainability
of agroecosystems. Specific interactions between microbes and plants, such as the
rhizobium-legume symbioses, are well understood, but the majority of the plant
microbiome, and its contribution to the extended phenotype of the host, is not yet
well defined.

Soybeans form interactions with nitrogen-fixing rhizobia, and this symbiosis
plays a key role not only for the nitrogen (N) nutrition of the plant but also for
agricultural productivity since soybean root residues provide N for other plants
in crop rotations [3, 4]. Arbuscular mycorrhizal (AM) fungi colonize the root
system of the majority of land plants, including soybeans; transfer nutrients such
as phosphate (P), N, potassium (K), and other nutrients to their host plants; and
improve the resistance of their host plants against abiotic (e.g., drought, salinity,
and heavy metals) and biotic stresses [5]. In addition, soybeans are associated with
bacterial or fungal endophytes that exhibit a wide range of plant growth promoting
capabilities, including the production of phytohormones, an improved N nutrition
through biological nitrogen fixation (diazotrophic endophytes), the biosynthesis of
ACC (1-aminocyclopropane-1-carboxylate) deaminase, the capability to solubilize
phosphate, and also the biosynthesis and release of antimicrobial metabolites or
siderophores to inhibit the growth of pathogenic microorganisms [6].

The plant microbiome is a largely unexplored resource of beneficial microorgan-
isms with diverse properties and a hidden potential to manipulate plant growth and
success in stressful environments. However, while the symbiosis of soybeans with
rhizobia and AM fungi is well characterized, the functional role of endophytes is
only known for a limited number of isolates. Our functional understanding of these
interactions is mainly based on experiments with individual symbionts, but there
is increasing evidence that individual symbionts can also affect the interactions of
the plant with other symbionts [7-10]. We summarize here the effects of different
beneficial microbes on nutrient uptake, yield, and stress resistance of soybeans and
identify knowledge gaps that hinder the application of these interactions to their
full potential in soybean production systems.

2. Beneficial plant microbe interactions of soybean plants
2.1 Arbuscular mycorrhizal symbiosis

The arbuscular mycorrhizal (AM) symbiosis is arguably the most important
symbiosis on earth and is formed by more than 65% of all known land plant species
(n>200,000), including all legumes and many other agronomically important
crops, such as wheat, corn, and rice [11]. AM fungi are classified into the fungal
subphylum Glomeromycota that consists of less than 350 fungal species [12]. AM
fungi co-exist relatively morphologically unaltered with plants for more than 400
million years, and there is evidence that suggests that the AM symbiosis played a
critical role for land plant evolution [13].

It is long known that AM fungi can increase the nutrient uptake of their host
plant and are able to deliver substantial amounts of P, N, K, sulfur (S), and trace
elements, such as copper (Cu) and zinc (Zn) to the plant. Many AM fungi also
provide non-nutritional benefits for their host that are critical for plant survival
or fitness and improve, for example, the resistance of plants against abiotic (e.g.,
drought, heavy metal, and salinity) and biotic (pathogens) stresses [5]. In return
for these benefits, host plants transfer up to 20-25% of their photosynthetically
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derived carbohydrates to the fungal symbiont [14]. It was generally believed that
carbon is transferred to the fungus in the form of hexoses [15], but recent evidence
suggests that also fatty acids can move across the mycorrhizal interface to the fungal
partner (Figure1) [16-18].

AM fungi are ubiquitous in soils and can account for up to 50% of the microbial
biomass in soils [19]. AM fungi form extensive hyphal networks in soils, and the
extraradical mycelium (ERM) of the fungus acts as an extension of the root system
and increases the nutrient absorbing surface of the root. The ERM with its mycor-
rhizosphere (interface between fungal hyphae and the soil) acts as an important
conduit between microbial communities and the host plant [20] and can provide
soil microbial communities with plant-derived carbon (C) inputs in large distance
from the root. The mycorrhizosphere represents in soils an important ecological
niche for diverse microbial communities that are specifically adapted to this mycor-
rhizosphere. According to estimates, the bacterial density in the mycorrhizosphere
is 4-5 times higher than in the plant rhizosphere [21]. However, the presence of
AM fungal mycelia does not only lead to quantitative but also to qualitative changes
in the microbial community composition in soils [22]. The presence of AM fungal
hyphae plays an important role in the bacterial community assembly during decom-
position [22] and affects the access of members of these microbial communities to
C sources during decomposition [23].

Within the host root, the fungus can not only spread intercellularly but also
penetrate the root cortex intracellularly, and it forms here highly branched special-
ized structures called arbuscules that are separated from the plant symplast by the
plant periarbuscular membrane [24]. Some AM fungal species also form vesicles,
thick-walled, lipid-containing storage organs in the roots. Arbuscules are the site
of nutrient exchange between the plant and the fungus, and both the fungal cell

(a)

Macronutrients
Micronutrients
Water |

Sugars
Lipids

Figure 1.

Overview of the mycorrhizal nutrient uptake pathway in AM roots of soybean plants via the extraradical
mycelium of the fungus (a) and the mycorrhizal interface consisting of the fungal arbuscule in root cortical
cells surrounded by the periarbuscular membrane of the host (b). Both fungal cell membrane and plant
periarbuscular membrane ave characterized by the presence of mycorvhiza-specific transporters that play
a critical role for the nutrient exchange across the mycorrhizal interface of soybean plants (e.g., GmPT7 or
GmAMT4.1, see also below).
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membrane and the plant periarbuscular membrane are characterized by the pres-
ence of specific transport proteins that play a critical role for the resource exchange
between both partners (Figure 1) [15, 25, 26].

The colonization of host roots by AM fungi is based on a molecular dialog
between both partners that facilitates partner recognition and triggers responses
in both partners that are critical for the establishment of the symbiosis [27]. After
fungal spore germination, an extensive hyphal branching in close proximity to host
roots can be observed that is triggered by strigolactones and other compounds in
root exudates [28]. After attachment to the host root surface and the differentiation
of a fungal hyphopodium, the fungus penetrates the root, spreads with the help of a
prepenetration apparatus [29], and forms arbuscules in the cells of the root cortex.
This process is initiated by the release of lipochitooligosaccharides, or Myc factors,
by the fungus that are perceived by specific receptors on the host root surface and
trigger a cascade of molecular responses in the host root. The pathway is called
the common symbiotic signaling pathway (CSSP), since similar responses can be
observed after the perception of rhizobial Nod factors [27, 30]. A key role for the
perception of fungal Myc or Nod factors by the rhizodermis plays the membrane-
bound receptor-like kinase SYMRK that activates the mevalonate (MVA) biosyn-
thetic enzyme HMGR1(3-hydroxy-3-methylglutaryl CoA reductase 1). A second
set of CSSP proteins is located in the nuclear pore complex and includes the three
nucleoporins NUP133, NUPS85, and NENA; the ATP-powered Ca®* pump MCAS;
and cation channels encoded by CASTOR and POLLUX involved in the strong Ca**
oscillations in the nucleus of rhizodermal cells that can be observed shortly after
Myc factor perception. Another set of proteins is located in the nucleoplasm and
decodes these Ca”" signals [30, 31]. A Ca®*/calmodulin-dependent protein kinase
(CCaMK) phosphorylates with the help of calmodulin CYCLOPS, which then regu-
lates gene expression either directly or through GRAS transcription factors such as
NSP1, NSP2, and RAM1 [30-32]. The elucidation of the CSSP is mainly based on
studies in the model legumes Medicago truncatula or Lotus japonicus, but the fact
that the proteins of the CSSP are highly evolutionary conserved, and even present
in plants that are unable to form AM interactions, suggests that this pathway is also
established in soybeans.

Mycorrhizal plants have two pathways that are involved in the nutrient uptake
from the soil: the “plant pathway” via high- and low-affinity transporters in root
epidermis and root hairs or the “mycorrhizal pathway” that first involves the uptake
of nutrients via the ERM of the fungus, transport to the arbuscules, and then the
uptake by the plant from the interfacial apoplast through specialized transporters
in the periarbuscular membrane. In response to the colonization with AM fungi,
transporters that are involved in the plant pathway are often down-regulated, while
mycorrhiza-specific transporters in the periarbuscular membrane are induced [33],
indicating that there is a shift in the nutrient acquisition strategy and that the mycor-
rhizal pathway can become the dominant pathway for nutrient uptake [34, 35].

2.1.1 Importance of arbuscular mycorrhizal fungi for yield and nutrient uptake of
soybeans

Under both greenhouse and field conditions, increases in nutrient content,
yield, and overall fitness of soybeans in response to an AM colonization can be
observed [36, 37], and soybean yields are significantly correlated to the coloniza-
tion of the roots with AM fungi [38]. Many reports clearly demonstrate the positive
effects of AM fungi on the nutrient uptake of soybeans and here particularly on the
uptake of phosphorus (P) and nitrogen (N) [39-41]. However, the effects can differ
greatly among AM fungi. Our own studies demonstrated, for example, that while
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the AM fungus Rhizophagus irregularis can increase the P nutrition of soybeans with
low or high P acquisition efficiency, Glomus custos had no effect and Glomus aggrega-
tum even led to slight growth depressions under medium P supply conditions [39].
Some of the observed differences among these AM fungi seem to be related to the
impact of the AM fungus on plant P transporter expression. Fourteen genes of the
Pht1 family have been identified in soybeans [42], and three of these transporters
show high expression levels in AM roots [43]. While the colonization of the roots
with R. irregularis led to the downregulation of GmPt4, a high-affinity P uptake
transporter that is presumably involved in the uptake of P from the soil via the plant
uptake pathway was the expression of GmPt9, and GmPt10 upregulated in AM roots.
GmPt9 and GmPt10 cluster with the mycorrhiza-inducible P transporters OsPt11
of Oryza sativa (rice) and MtPt4 of Medicago truncatula that play a critical role for
the P uptake from the mycorrhizal interface [26, 44]. GmPt9 was upregulated by G.
aggregatum and R. irvegularis, but GmPt10 was only upregulated by R. irregularis,
indicating that this transporter is involved in the P uptake from the interface and that
GmPt10 expression can serve as an indicator for mycorrhizal P benefits in soybean
plants. GmPt7, another soybean P transporter, shows a high expression in cells
with mature and active arbuscules but is not expressed in cells with collapsed and
degenerated arbuscules, suggesting that this transporter may also play a role for the
P transport across the AM interface. However, GmPt7 is not a mycorrhiza-specific
transporter and is also expressed in columella cells of root caps and in lateral root
primordia of nonmycorrhizal roots [45]. Similarly, out of the 16 ammonium (NH,")
transporters of soybean, five transporters are mycorrhiza-inducible, and one of
them, GmAMTH4.1, is specifically expressed in arbusculated cells (Figure 1), indi-
cating that this transporter could be involved in the NH," transport across the AM
interface [46]. There is evidence from the model legume Medicago truncatula that
AM fungi can also improve the acquisition of other macronutrients such as potas-
sium (K) or sulfur [47, 48]. K deficiency is a common problem in soybeans and can
lead to yellowing of the leaves, stunted growth, and reduced yields and can become
particularly severe under drought stress. Although transcriptional and physiological
responses to K deprivation have been studied in other legumes [49], whether AM
fungi also play a role in the K acquisition of soybean plants is not yet known.

2.1.2 Importance of arbuscular mycorrhizal fungi for the stress vesistance of soybeans

AM fungi can also increase the resistance of soybeans against other abiotic
stresses such as drought, salinity, or soil contaminations. It is known for several
decades that the AM colonization can improve the tolerance of soybeans against
drought [50]. AM fungi can influence leaf water potential, solute accumulation, and
oxidative stress of soybeans under drought stress [51] and delay nodule senescence
triggered by water deprivation [52]. In mycorrhizal soybeans, plasma membrane
aquaporins were down-regulated in response to drought stress, and this could reduce
the permeability of membranes for water and contribute to water conservation [53].
In addition, both fungal and plant mitogen-activated protein kinases (MAPKs) are
upregulated in AM soybean plants under drought stress. MAPK cascades are known
to regulate many cellular processes in response to various stimuli, including abiotic
and biotic stresses [54]. AM fungi also improve the tolerance of soybeans against
salinity. AM plants had a higher biomass and proline concentrations in roots, but
reduced proline and Na concentrations in the shoot under salt stress. When the fun-
gus was pretreated with NaCl, the alleviating effects were even stronger, indicating
that the acclimation of the fungus to salinity may play a role for the stress response
[55]. AM fungi can also improve the tolerance of soybeans against arsenic [56] and
aluminum [57] by reducing the uptake of these toxic metals.
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Soybean yield and productivity is also threatened by many fungal or bacterial
diseases and soil inhabiting nematodes. Soybean cyst nematodes (SCNs, Heterodera
glycines), brown spot (Septoria glycines), charcoal rot (Macrophomina phaseolina),
rot and stem rot (Phytophthora sojae), and soybean rust (Phakopsora pachyrhizi and
P. meibomiae) are among the most important pathogens of soybeans and cause
substantial yield losses in the U.S. [58]. SCNs are often responsible for hidden yield
losses, since soil infestations remain often undetected until they become severe.
SCN can spread easily from field to field via soil movements with machinery,
wind, or by humans and can now be detected in 90% of the soybean producing
states in the U.S. [59]. SCN infestations can lead to yield losses of more than 30%
and are responsible for about $ 1.5 billion in soybean crop damage each year in the
U.S. AM fungi can protect soybeans against a wide range of pathogens, including
fungi, bacteria, nematodes, or insects [60] and reduce the SCN egg population
in soils by 70% [61]. The positive impact of AM fungi on biotic stresses has been
attributed to the overall positive effect on nutrient uptake and a damage compen-
sation effect, the competition for root space and soil nutrients, induced systemic
resistance (ISR), and altered rhizosphere interactions. In addition, AM fungi form
extensive hyphal networks in soils and can connect plants of the same or of differ-
ent plant species by common mycelial networks (CMNs). CMNs play an important
role in the plant-to-plant communication and can transfer infochemicals and
warning signals from infested plants to uninfested plants and stimulate defense
reactions in these plants [62].

2.2 Nitrogen-fixing symbiosis with rhizobia

Most legume plants are able to interact with N-fixing bacteria called rhizobia
that are able to reduce atmospheric dinitrogen (N;) into ammonia (NHj3) in special-
ized root nodules. The symbiosis evolved in legumes between 25 and 50 million
years ago [63, 64] and plays an important role for plant nitrogen (N) nutrition.
Rhizobia can contribute up to 70% to the total N nutrition, grain legumes can gain
up to 300 kg N, and legume trees (e.g., Acacia sp.) up to 600 kg N per ha and year
from these interactions [4, 65]. Free living rhizobia produce Nod factors that are
perceived by plant roots and act as triggers for the common symbiotic signaling
pathway (CSSP, see above). Nod factors are also lipochitooligosaccharides that
are composed of chitin chains with various lipid modifications. Chitin is the main
constituent of fungal but not of bacterial cell walls, and the functional and struc-
tural similarities between Nod and Myc factors have led to the assumption that
rhizobia adopted the evolutionary far more ancient (~ 450 million years) CSSP to
establish this endosymbiotic interaction with legumes [66]. Nod factors stimulate
the curling of root hairs, and entrapped bacteria within these curls are transported
within infection threads to the inner zone of developing root nodules. Inside of
cortical cells, the rhizobia divide and multiply, and are released into vesicles, called
symbiosomes, in which they differentiate to fully functional bacteroids. One or
more differentiated bacteroids are surrounded by the plant symbiosome membrane,
which represents a barrier by which the host plant can control the movement of
solutes to the bacteroids through specialized transporters or channels [67].

Bacteroids express the nitrogenase complex that consists of six protein subunits
(two each of NifH, NifD, and NifK), two [4Fe-4S], two (FegS;) iron-sulfur clusters,
and two iron-molybdenum cofactors (Fe;MoSeN) called FeMoco, which catalyze the
N, reduction to NHj; [68]. The nitrogenase metallocenters are all oxygen-labile and
must operate in an environment with a low level of free oxygen, and nodules pro-
vide their bacterial symbionts with this oxygen-reduced environment for optimum
N fixation [69]. N fixation by bacteroids is a highly energy consuming process, and
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rapid respiration in the bacteroids is necessary to produce the 16 ATP required for
the conversion of each atmospheric N, into two NH;.

N, +8H"+8¢ +16ATP = 2NH; + H, + 16ADP + 16 P;

The product of biological N fixation (BNF) is ammonia, which diffuses out of
the bacteroids into the acidic symbiosome space and is here protonated to ammo-
nium. The symbiosome membrane is energized by an H*-ATPase, which pumps
protons into the symbiosome space and thereby promotes the uptake of NH;/

NH," into the plant cytosol, where NH," is rapidly assimilated into amino acids,
and the ureides, allantoin and allantoic acid [69]. A candidate for the uptake of
NH," from the symbiosome space is NOD26, which was first identified in soybeans
[70]. NOD26 belongs to the major intrinsic protein/aquaporin (MIP/AQP) channel
family and is exclusively localized in the symbiosome membrane [67]. The ureides,
allantoin and allantoic acid, serve as the dominant long-distance transport molecule
for N from the root nodules to the shoots [71, 72]. Cortex cells and the vascular
endodermis of nodules express GmUPSI—1 and GmUPS1-2, which play a role

for the transport of allantoin and allantoic acid out of the root nodules to the sink
organs. RNA; knockouts of these proteins accumulate ureides in the root nodules
and show a reduced N transport to the shoots [73].

BNF is an energy expensive process, which requires 16 ATP to fuel the reduction
of one N,. Plants allocate up to 30% of their photosynthetically fixed C to rhizobia
[74], which is oxidized in the bacteroids to ATP. The N, fixation rate of rhizobia is
higher when the nodules receive more C, suggesting that the allocation of C to nod-
ules is a limiting factor for BNF. Transgenic Medicago sativa plants that overexpress
a sucrose phosphate synthase, a key enzyme for sucrose biosynthesis in plants, show
higher C contents in nodules, more and larger nodules per plant, and an enhanced
nitrogenase activity of the root nodules [75]. Free-living rhizobia can grow on a
variety of different sugars, including mono- and disaccharides, but the absence of
transporters for these sugars in bacteroids suggests that rhizobia in symbiosis take
up dicarboxylates and here particularly malate from the symbiosome space. The
C4-dicarboxylate transport system that is localized in the inner bacteroid mem-
brane is encoded by the dctA gene, has a high mobility for malate, and is essential
for symbiotic nitrogen fixation [76]. Although the mechanisms of N fixation and
assimilation are well documented, key steps are still unknown. For example, little is
known about the C metabolism inside nodules, the regulatory steps that control the
C export to rhizobia, and the proteins involved in the C and N transport between
partners. Recent evidence in the model legumes M. truncatula and Lotus japonicus
suggests that sucrose transporters from the Sugar Will Eventually be Exported
Transporter (SWEET) family could be involved in the sucrose efflux from the
phloem toward nodulated cells [77].

2.2.1 Significance of rhizobia for soybean agriculture

According to estimates, soybeans with their rhizobia populations fix around
20 million tons of N each year, and this has an enormous influence on agricultural
productivity, not only on soybeans, but also on other crops in crop rotation systems
[3, 4]. Soybean residues in the soil enrich the soil with N, improve soil organic mat-
ter, and can lead to yield increases in non-legume crops that follow soybeans. Crop
rotations or intercropping systems of cereals with legumes can result in higher crop
yields without fertilizer additions [78]. However, conventional agricultural man-
agement practices and other anthropogenic factors can have a negative impact on
rhizobial function. In addition, excessive tillage, applications of higher N fertilizer
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dosages, and extended fallow periods can also have detrimental effects on rhizobia
populations in soils. As a consequence, integrating this symbiosis more efficiently
in modern agricultural practices is crucial to limit the amount of fertilizers used and
make agriculture more environmentally sustainable. Exploring ecologically best
fitted ecoregions for soybeans and best adapted soybean cultivars will help farmers
to produce more yield with reduced inputs. Rhizobial strains differ in their efficacy
in symbiosis with different soybean cultivars, and the input of N into agricultural
systems can be increased by the inoculation of legumes with optimized rhizobia
for different environments [65]. The development of better inoculation strategies
and specifically adapted rhizobia for different soybean cultivars could reduce the
dependency of farmers on agrochemicals and enhance food security [65].

2.3 Tripartite symbiosis with arbuscular mycorrhizal fungi and rhizobia

In natural environments, legume roots form tripartite interactions and are simul-
taneously colonized by both AM fungi and rhizobia [7, 79]. Tripartite interactions
have been shown to improve plant productivity, seed yield, P and N acquisition, and
photosynthetic rates [10, 80, 81]. The rhizobial nitrogenase complex requires at least
16 ATP to reduce one N, molecule into two NH;. Consequently, nodules act as strong
P sinks in legume root systems to provide sufficient P resources to the bacteroids
for optimum BNF [79, 82]. Since AM fungi are able to improve the P nutrition of
legume plants, AM fungi can increase the BNF by root nodules by at least 50% [10].
Nonmycorrhizal soybean plants have lower nodule numbers and weights and par-
ticularly under low P supply lower N fixation rates [7, 83]. AM fungi can also provide
their hosts with microelements that are essential for N, fixation, including zinc, iron,
manganese, and molybdenum [84, 85].

AM fungi and rhizobial bacteria can act synergistically and can improve plant
productivity, seed yield, and grain quality [7, 10, 81]. However, the prior inocula-
tion by either rhizobia or AM fungi can also reduce the subsequent colonization
by the other symbiont [86]. Plants control the extent of root colonization by both
symbionts by an autoregulatory mechanism, possibly to limit the high C costs
associated with these interactions [83, 87]. Whether AM fungi and rhizobia interact
antagonistically or synergistically depends on the environmental context [81] and
the compatibility between symbiotic partners [10, 88]. For example, the rhizobial
strain STM 7183 is more compatible with the AM fungus Rhizophagus clarus and
leads to higher nodulation rates, nitrogenase activities, and plant growth responses
than STM 7282 [10]. Similarly, plant productivity and seed yields of nodulated
soybeans were higher when the plants were co-inoculated with the AM fungus
Rhizophagus irregularis than with Acaulospora tuberculata or Gigaspora gigantea
[88]. Soybean cultivars also differ in their ability to benefit from their microbial
communities [89]. Consequently, the symbiotic efficiency should be integrated
into soybean breeding programs, and AM fungi and N-fixing bacteria with high
compatibility should be identified to improve the productivity and stress resistance
of soybeans and other legumes.

Both interactions are costly, and the host plant allocates up to 20% of its photo-
synthetically fixed C to its fungal [14, 90] and up to 30% to its N-fixing symbionts
(Figure 2) [74]. C acts as an important trigger for symbiotic functioning, and a
reduction in the C fluxes to the symbionts decreases BNF by rhizobia [91], and P
and N uptake and transport by AM fungi [92-94]. Considering the high C costs of
these symbioses for the host, plants are under a selective pressure to strongly regu-
late the C fluxes to both root symbionts, but these control mechanisms are currently
poorly understood. Resource exchange between host and AM fungi is controlled by
areciprocal reward mechanism that is driven by biological market dynamics [95].
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Figure 2.

Trgmport and nutrient exchange pathways in the symbiosis with N-fixing bacteria (BAC) and AM fungi
(IRM and ERM). Abbreviations: BAC, N-fixing bacteroid; BM, Bacteroid membrane; ERM, Extraradical
mycelium; FA, Fatty acids; FM, Fungal plasma membrane; IRM, Intraradical mycelium; PM, Periarbuscular
membrane; SM, Symbiosome membrane.

Our own results recently demonstrated that similar mechanisms may also control
the resource to C exchange in tripartite interactions; Medicago plants allocate C
to the different root symbionts in tripartite interactions in response to nutrient
demand conditions; and the AM fungus becomes a stronger competitor for C
resources from the host, when the fungal partner has accessto N [79].

AM fungi have stronger effects on plant gene expression than rhizobia [96],
but our current understanding of the molecular mechanisms involved in the C
allocation to individual root symbionts is limiting. An overexpression of a leaf
sucrose phosphate synthase of M. sativa increases starch production, allowing the
plant to allocate more photosynthates to root nodules and consequently improved
nitrogenase activity and overall plant growth [75]. There is evidence that suggests
that sucrose transporters (SUTs) could be involved in the regulation of beneficial
C fluxes toward the fungal symbiont [97], and the expression of MtSUT2 and
MtSUT4-1 has been shown to be positively correlated to the C allocation to different
symbiotic partners in tripartite interactions [79]. MtSWEET1b and MtSWEET6 of
the Sugars Will Eventually be Exported Transporter family (SWEET) are highly
expressed in AM roots, and preferentially transport hexoses such as glucose, and
could be involved in the transport of hexoses or fatty acids across the mycorrhizal
interface to the fungal partner [79, 98]. MtSWEET11 is specifically expressed in root
nodules and could be involved in the sugar distribution within root nodules, but
loss-of-function mutants indicate that MeSWEET11 is not essential for BNF [99]. A
better understanding of these processes is critical because it may be key to improve
the resource exchange between plants and symbionts and ultimately to enhance
productivity of agronomically important legumes.

2.4 Symbiosis with endophytic bacteria or fungi

Endophytes are defined as organisms that live inside plant hosts for at least part
of their lives, without causing apparent disease symptoms in the host as a result
of this colonization [100]. Fungal and bacterial endophytes are nearly ubiquitous
across all groups of vascular plants [101], but there is a large biological diversity
among endophytes, and it is not rare for some plant species to host hundreds of
different endophytic species [102]. Fungal endophytes have been shown to enhance
growth and seed production or protect against environmental stresses such as
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drought or P deficiency or provide defense against herbivory through the synthesis
of various biologically active metabolites, such as alkaloids. In soybeans diverse
communities of fungal endophytes can be found, and several of these endophytes
have plant growth-promoting capabilities and enhance, for example, soybean
growth in nickel- or copper-contaminated soils by reducing the levels of stress-
related phytohormones such as abscisic acid and jasmonic acid [103]; or increase
glutathione activities and thereby reduce oxidative stress [104]. The inoculation
of soybean plants with fungal endophytes can also lead to higher shoot biomasses,
chlorophyll contents, and photosynthetic rates compared to noninoculated soy-
beans under salt stress and decrease the abundances of SCN in soils [105].
Soybeans host also a diverse group of bacterial endophytes, and many endo-
phytic bacteria have plant growth-promoting capabilities [106], such as the ability
to produce plant growth hormones, or ACC (1-aminocyclopropane-1-carboxylate)
deaminase, solubilize phosphate, or release antimicrobial metabolites or sidero-
phores that can inhibit the growth of pathogenic microorganisms. ACC deaminase
reduces the levels of ethylene, an important stress hormone in plants. Several
endophytic bacteria are also diazotrophs and have like rhizobia bacteria the ability
to fix N. Bacterial endophytes also interact with rhizobia bacteria and can enhance
root nodulation and activity, and as a consequence, the N content of soybean
plants [107]. The dual inoculation with rhizobia and a salt-tolerant bacterial
endophyte led to synergistic responses and promoted the fitness of soybean plants
under salt stress [108].

3. Important research gaps and future challenges

Beneficial plant microbe interactions with AM fungi, rhizobia, or bacterial and
fungal endophytes have enormous potential to improve plant growth and nutrient
uptake in stressful environments and to increase the environmental sustainability
of soybean agriculture. However, while the beneficial effects of AM fungi and
rhizobia on soybean productivity are long known, the effect of only a small num-
ber of endophytes is currently known. The plant microbiome is a still unexplored
resource of microorganisms with a so far hidden potential to promote plant growth
and success under abiotic or biotic stress conditions, and with unknown effects on
the plant phenotype.

The obligate lifestyle of AM fungi has made for a long time the production of
fungal inoculum in large quantities difficult, but the development of sterile trans-
genic root organ cultures has led to an increased commercialization of AM fungal
inocula for the utilization in agroecosystems [109]. Although increases in yield and
biomass have been reported in different crops after inoculation with these inocula
[36, 110], in other studies, inconsistent or neutral effects were observed [111]. AM
fungi differ in the benefit that they provide for their host plant [112], and mycor-
rhizal growth responses are highly context dependent. Several factors can alter
the success of AM fungal inoculation in agroecosystems, including plant/fungal
compatibility, the degree of competition with the native microbial population, or
timing of inoculation [113]. All these aspects need to be taken into consideration
to find the most adapted and specific conditions for an efficient use of AM fungal
inocula in a given field or for a certain crop. Our current understanding of the effect
of beneficial plant microbes on soybeans is mainly based on studies with single
symbiont, but plant productivity and stress resistance in agroecosystems depend
on diverse microbial communities and the interactions among the different micro-
organisms in these communities. Identifying and characterizing the molecular
mechanisms responsible for the functioning of different plant microbe interactions
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is crucial to harness these symbiotic microorganisms in agroecosystems. Currently,
most knowledge is gathered on model legumes, such as Medicago truncatula, but the
information about soybeans is limited. However, the accumulation of genomic and
transcriptomic data, along with the development of molecular tools such as stable
transformations, e.g., [114], CRISPR-Cas9 system [115], or mutant populations,
will provide us with a better understanding of these interactions in soybeans.
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Chapter 8

Bio-Based Epoxy Resin from
Epoxidized Soybean Oil

Qiuyu Tang, Yahua Chen, Huizhi Gao, Qian Li,
Zhenhao Xi, Ling Zhao, Chong Peng and Lanpeng Li

Abstract

Epoxidized soybean oil (ESO) is the oxidation product of soybean oil with
hydrogen peroxide and either acetic or formic acid obtained by converting the
double bonds into epoxy groups, which is non-toxic and of higher chemical reac-
tivity. ESO is mainly used as a green plasticizer for polyvinyl chloride, while the
reactive epoxy groups imply its great potential in both the monomer synthesis and
the polymer preparation fields. Functional polymers are obtained by different kinds
of reactions of the ESO with co-monomers and/or initiators shown in this chapter.
The emphasis is on ESO based epoxy cross-linked polymers which recently gained
strong interest and allowed new developments especially from both an academic
point of view and an industrial point of view. It is believed that new ring-opening
reagents may facilitate the synthesis of good structural ESO based materials.

Keywords: epoxidized soybean oil, cross-linking reaction, acrylated epoxidized
soybean oil, polyols, polyurethanes, bio-based polymer

1. Introduction

The utilization of renewable resources in the field of polymer synthesis has
gained a great deal of attention due to the growing public concerns for the environ-
mental concerns and the sustainable development [1, 2]. Epoxidized soybean oil
(ESO) is the bio-based product from the epoxidation of soybean oil with hydrogen
peroxide and either acetic or formic acid obtained by converting the double bonds
into epoxy groups, which is non-toxic and of higher chemical reactivity [3]. Itis
mainly used as a green plasticizer for many plastics currently [4]. Meanwhile it has
also attracted an increasing attention as a green epoxy resin utilizing the reactive
epoxy groups into both the monomer synthesis and the polymer preparation due to
its low cost, little toxicity, and large production, which imply its great potential in
industrial process [5].

ESO can be converted by different kinds of reactions with co-monomers and/
or initiators [6]. Permanent network that comes from the directing cross-linking of
ESO and hardeners endows ESO with great stability, superior mechanical properties
and satisfying chemical resistance, which make the products competitive among a
variety of materials. In addition, the chemical modification of ESO has gained more
and more attention in recent years. Introducing hydroxyl groups to make polyols
for polyurethanes synthesis is one of the most important chemical modification
methods [7]. Acrylated epoxidized soybean oil (AESO) obtained by ring opening
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esterification between acrylic acid and ESO is of high reactivity for thermal and UV
initiated polymerization [8, 9]. This chapter reviews the applications of ESO and its
derivatives for the preparation of a series of bio-based polymeric materials.

2. Direct cross-linking
2.1 Amine hardeners

Functional amines are widely used as curing agents for generating epoxy resin.
For ESO, a series of amines used as curing agents are listed in Table 1 and the reac-
tion scheme between ESO and amine is shown in Figure 1. Most of the researchers
focused on the investigation of the cross-linking process of partially bio-based
polymers because of the unsatisfying properties of fully bio-based ones. Three main
methods can be applied to improve the properties of ESO-based thermosets, which
are using commercial curing agents, adding commercial epoxy resins to ESO, and
adding other materials to make composites [10-12].

The curing processes of ESO or the mixture of ESO and commercial epoxy resin
have been investigated, and some of these systems have been made into composites
through adding fibers [10-12, 14], clay [16, 18] and other reinforcement [19].
Viscoelastic properties, mechanical properties and many other analyses have been
studied to evaluate their applicability to be used in industry. The partially bio-based
polymers show great potential to replace fully petroleum-based polymers in many
areas according to the testing results. Glass-transition (Tg) and viscoelastic proper-
ties of amine-cured ESO can be enhanced by increasing the amount of triethylene-
tetramine (TETA) or triethylene glycol diamine (TGD). TETA endows the polymer
with similar viscoelastic properties to a commercial rubber and a higher Tg than
TGD does [13]. In this respect, the biopolymers made from ESO and amines have

No. Epoxy resin Hardener
1 ESO Triethylene glycol diamine (TGD) [13, 14]
2 ESO Triethylenetetramine (TETA) [10, 13, 15-18]
3 ESO Diethylenetriamine (DETA) [10, 15]
4 ESO Jeffamine D-230 [10]
5 ESO Jeffamine T-403 [10]
6 ESO Jeffamine EDR-148 [10]
7 ESO + diglycidyl ether of bisphenol A TETA [11, 12, 19]
(DGEBA)
8 ESO + DGEBA DETA [11, 12]
9 ESO + DGEBA Jeffamine D-230 [11]
10 ESO + DGEBA Jeffamine T-403 [11]
11 ESO + DGEBA Jeffamine EDR-148 [11]
12 ESO + DGEBA Linear polyethylenimine [12]
13 ESO, ESO + DGEBA Dicyandiamide (DICY) [20]
14 ESO [21] Decamethylene diamine, succinic anhydride
15 ESO + DGEBA Isophorone diamine(IPDA) [22]
Table 1.

Amines for curing ESO and ESO composites.
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Figure 1.

The curing process between ESO and amine curing agent [17].

great potential to replace some synthetic rubbers or plastics [13, 14]. Besides, the
quasi-static and dynamic compressive properties of the cured products based on
ESO and amines and the corresponding composites reinforced by clay have also
been investigated to develop compressive one-dimensional stress-strain material
models [15, 16]. Solid freeform fabrication method has been applied to the prepara-
tion of ESO-based composites and proved to be a suitable method for this kind of
curing system [10-12]. ESO/TETA/clay composites show controllable biodegrad-
ability, low cost, good thermal and mechanical properties, and these properties
indicates that the composites may work as alternative to petroleum-based polymers
in the field of insulation materials and coating materials [18]. For clay-reinforced
composites based on commercial epoxy resin the addition of ESO can enhance the
impact strengths [22]. More interestingly, the product from ESO and TETA can be
made into an ion-exchange resin through hydrolysis [17]. Usually, epoxy groups in
the internal of the long aliphatic chain exhibits much poorer reactivity than those
terminal epoxy groups. Due to this fact, the reported curing processes of ESO usu-
ally needs higher temperature and longer time than commercial petroleum-based
epoxy resin, such as bisphenol A epoxy resin. However, the combination of the
hardener, dicyandiamide (DICY), and the accelerator, carbonyldiimidazole (CDI),
can make the gelation of ESO occur within 13 min at 190°C [20]. Moreover, the
gelation of the mixture of ESO and DGEBA is achieved with the aid of DICY and
CDI within 3 min at 160°C [20].

Fully or high bio-based polymers are also attractive to researchers owing to
people’s strong attention to environment concerns. A series of fully bio-based elas-
tomers have been synthesized through the ring-opening reaction between ESO and
a bio-based amine hardener, decamethylene diamine, and they can be cross-linked
by further reaction with another bio-based anhydride hardener, succinic anhy-
dride [21]. These fully bio-based elastomers have great potential to replace some
petroleum-based rubbers in engineering because of their good damping property,
low water absorption and weak degradability in phosphate buffer solution [21].

2.2 Anhydride and acid hardeners

Anhydrides, which are less toxic than amines, are another kind of mainly-used
hardeners (Table 2). The structure of anhydride-cured ESO is shown in Figure 2.

The investigation of green anhydride curing agents is one of the research
priorities. Maleopimaric acid (MPA), which comes from rosin acid, has been used
for ESO curing to obtain new polymeric thermosets with a high bio-based content
[24, 25]. The total heat release is only 31.7 k]/mol epoxy group. Compared with its
petroleum-based analogues, MPA endows the polymer with larger breaking elonga-
tion, higher storage modulus and better thermal stability. Sebacic acid is another
bio-based curing agent for ESO in lab. A fully bio-based composite with highly
improved thermal and mechanical properties can be produced through interaction
between sebacic-cured ESO and PLA [26, 27]. What’s more, sebacic acid-cured ESO
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No. Epoxy resin Hardener
1 ESO Maleopimaric acid (MPA) [24, 25]
2 ESO Methyltetrahydrophthalic anhydride (MTHPA) [34, 35]
3 ESO + DGEBA MTHPA [22, 36]
4 ESO [37-40], ESO + DGEBA Methylhexahydropthalic anhydride (MHHPA)
[41, 42]
6 ESO Maleic anhydride (MAL) [43, 44]
7 ESO Phthalic anhydride [45]
8 ESO Nadic methyl anhydride [46]
9 ESO maleinized polybutadiene (MMPBD) [47]
10 ESO [30] terpene-based acid anhydride (TPAn), maleinated linseed oil,
hexahydrophthalic anhydride
11 ESO [44] hexahydrophthalic anhydride (CH), MAL, succinic anhydride
(SUC), dodecenylsuccinic anhydride (DDS)
12 ESO [26-28, 33], Sebacic acid
ESO + DGEBA [48]
13 ESO [33] Adipicacid, 1,12-dodecanedicarboxylic acid, sebacic acid
14 ESO [32] Citric acid, carboxylic acid functionalized MWCNTs
15 ESO [49], ESO + epoxidized Carboxyl-terminated polyester
linseed oil (ELO) [50]
16 ESO Dicarboxyl terminated oligomeric poly(butylene succinate) [51]
17 ESO Dicarboxyl-terminated polymide1010 oligomers [23]
18 ESO + ELO Phosphorylated castor oil [31]
Table 2.

Anhydride and acid for curing ESO and ESO composites.

GE' _f"a,f‘"x/\/&v"g‘“xgﬂxﬂ

(o]
|' o o o
X C e e
o o] o)
| O A A l Curing ¢
o 0 o
Ao g g g o
}—DA.WW
O manans() e s
YU
Qo o
Figure 2.

The curing process between ESO and dicarboxylic acids or anhydrides [23].

can be applied in the field of superhydrophobic materials to make a sustainable and
biodegradable superhydrophobic material [28, 29]. Other bio-based chemicals, such
as terpene [30], vegetable oils [30, 31] and citric acid [32], are all the optional raw
material for green curing agents. A terpene-based acid anhydride has been found

to endow ESO with higher Tg, higher tensile strength and greater modulus than
maleinated linseed oil and hexahydrophthalic anhydride do [30]. But maleinated

142



Bio-Based Epoxy Resin from Epoxidized Soybean Oil
DOI: http://dx.doi.org/10.5772/intechopen.81544

linseed oil makes the thermoset easier to biodegrade [30]. Biodegradable and
biocompatible elastomers, which may be competitive in the field of implantable
materials, can be obtained by curing ESO and Epoxidized linseed oil (ELO) with
phosphorylated castor oil [31]. Carboxylic acid functionalized MWCNTs are always
used as the filler for fully bio-based ESO/citric acid system [32]. The produced com-
posites with good mechanical properties and high bio-based content may be applied
in the field of industry [32]. Physical tests of fully sustainable polymers obtained
from curing ESO with different dicarboxylic acids show the decreases of Tg and
elongation at break, and the increases of tensile strength and Young’s modulus with
the increasing of chain-length of the curing agents [33]. In this respect, besides bio-
based micromolecular chemicals, bio-based dicarboxyl-terminated polymers are
also able to work as green curing agents for ESO to make fully bio-based polymers
[23]. Polymer curing agents with long chain length can avoid the short, brittle and
amorphous cross-link structures which may be the reason for the poor performance
of ESO-based thermosets [23].

Like the situation occurring in amine-cured systems, anhydride-cured ESO with
a high bio-based content usually cannot exhibit excellent properties as petroleum-
based polymers do. In order to overcome this deficiency, ESO usually works together
with some petroleum-based chemicals. For this kind of complicated reaction
systems, many factors are worth investigations. We are going to discuss this kind of
reaction systems in terms of the properties of epoxides, the addition of commercial
curing agents, the influence of the catalysts and the incorporation of fillers.

The internal epoxy rings in ESO exhibits lower reactivity than terminal ones
do and the epoxy equivalent weight of ESO is usually higher than commercial
epoxy resins. The addition of ESO in the mixture of DGEBA and ESO results in the
increase of peak exothermic temperature, and activation energy and the decrease
of enthalpy of reaction [36, 48]. Tensile strength, modulus, fracture toughness,
impact strength, storage modulus (E’) in the glassy state and Tg of the cured
products decrease because of the addition of ESO [36, 41]. Besides, the thermal
and mechanical properties of the cured products has a positive correlation with the
epoxide content of ESO [35].

Aside from the alteration of epoxides, the properties of the cured products can be
enhanced with the aid of commercial curing agents. Bio-based foams based on methyl-
tetrahydrophthalic anhydride (MTHPA)-cured ESO show similar mechanical proper-
ties to synthetic epoxy foams and the contents of ESO can be larger than 55 wt%,
which indicates that this kind of green foams can be valuable alternative for commer-
cial epoxy foams [34]. Polymers with anhydride groups [47] and dicarboxylic acids
[49-51] are also able to work as curing agents for ESO. The carboxylic acid-terminated
polyesters can work with ESO to produce green pressure-sensitive adhesives, which are
environmentally friendly [50], thermal stable and with flame retardance [49]. In this
kind of curing systems, the molecular weight of the polymer curing agents obviously
have a great influence on the curing process and the physical properties of the cured
bio-based products [51]. One of the remarkable advantages of bio-based polymers is
their potential biodegradability. Lower crosslink density usually means higher biode-
gradability for ESO-based thermosets [40]. The cross-link density of the cured product
reaches maximum at stoichiometric ratio between ESO and hardener [45].

Not only the properties of the main reactants, but the loading and type of the
catalyst have a great influence on the on the curing process [38] final polymers [39].
The curing kinetics of ESO/methyl hexahydrophthalic anhydride (MHHPA) system
show a significantly autocatalytic characteristic and ESO with 1.5 phr (parts per
hundreds of resin) of 2-ethyl-4-methylimidazole (EMI) catalyst is a recommended
composition for ESO/MHHPA system to be cured effectively at relative low tem-
perature and short time [38].
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Chain-growth polymerization of ESO under initiators [52].

ESO-based thermosets can also be used as good matrixes for organoclays [22, 35],
organo-montmorillonite clay [37], proteins [46], regenerated cellulose [30] and
other fillers. These works show that the thermal and mechanical properties of the
composites can be improved significantly with the addition of different fillers.

2.3 Initiators for chain-growth polymerization

Besides adding curing agents, ESO can also be cross-linked only by initiators, as
shown in Figure 3. Fluoroantimonic acid hexahydrate (HSbF¢-6H,0) [6] and boron
trifluoride diethyl etherate (BF;-OEt;) [52-54] are commonly employed to initiate
the ring-opening polymerization of ESO. As the special macromolecular structure
and mechanical properties, the products have the potential to be made into hydro-
gels and applied in the areas of personal and health care [6, 53]. Besides, the cross-
linked ESO initiated by BF;-OEt;, can be used to synthesize bio-based surfactants,
which can help produce microbubbles effectively [54] and may take the place of
petroleum-based detergents and surfactants [55].

3. Introducing hydroxyl groups

Besides the curing, introducing hydroxyl groups is one of the most important
chemical modification of ESO. Hydroxyl groups are functional groups that can be
compatible with matrixes through hydrogen bonding or can be able to covalently
bond with matrixes using some active chemicals [56].

3.1 ESO-based polyols

Bio-based polyols with two or more hydroxyl groups can be synthesized from
ESO by epoxy ring opening applying different approaches (see Figure 4). Ring
opening reagents mainly include in mono-functional amines, alcohols (such as
methanol, ethylene glycol, propylene glycol or butanol), acids (such as acrylic acid,
acetic acid, phosphoric acid, fatty acids, carboxylic acid, hexanoic acids, or octa-
noic acids), thioethers or ketones [57-64]. Lewis acid is known as a kind of useful
initiator for the hydroxyl reaction with epoxides. ESO-based polyether polyols are
capable to be prepared by Lewis acids catalyzing ring opening with propylene glycol
[60]. After that, the ESO-based polyether polyols with higher molecular weight
can be cured with phenolic, melamine and other conventional crosslinkers to give
reasonable film properties [65]. Besides, ESO phosphate ester polyols have been
synthesized by using super phosphoric acid phosphorylated ESO, which is able to be
incorporated in bake coatings with excellent performance [62]. A series of methox-
ylated soybean oil polyols (MSOLs) have been prepared with different hydroxyl
functionalities by the ring opening of ESO with methanol [66]. These polyols
have been applied to synthesize the environmentally friendly vegetable-oil-based

144



Bio-Based Epoxy Resin from Epoxidized Soybean Oil
DOI: http://dx.doi.org/10.5772/intechopen.81544

uI'VV\.I\
MH; -
NHy £ eHyen,
i i OH N
Diethyl Amine ~CHyCH;
(o]
HsC—C—OH PH-CH ‘l'-l’
acetic acid OH O—C—0CH
HC—CH + o — ?
o -lz!: SH 0
CH—CH
Hee” e / I
Hs OH S—C—CH;
thioglycolic acid
H;C—0H MV\CH—GH
methanol b,
OH ':I_CH3

Figure 4.
Epoxy ring opening reactions with various ring opening reagents [57].

polyurethane dispersions (PUDs) with very promising properties. Thioglycolic
acid (TGA) bearing thiol and carboxylic acid as two different functional groups,
glycolic acid (GA) containing hydroxyl and carboxyl functionality and methyl ester
of thioglycolic acid (TGAME) have been also used as ring opening agents of ESO to
synthesize novel bio-based polyols [57, 67]. Using TGA and GA, the epoxy rings are
opened by the carboxylic acid group, while the epoxy rings are opened by the thiol
group primarily when using TGAME. In addition, polyols obtained by ring open-
ing with TGA have higher molecular weight comparing to GA and TGAME. That
is because some of the thiol groups of TGA initially remain intact and then are
involved in ring opening of other epoxy groups resulting in chain coupling [57, 67].
There are some side reactions occurring during the ring-opening of ESO epoxide
groups, and these side reactions often depend on reaction parameters [68, 69]. A
substantial degree of oligomerization due to oxirane-oxirane, and oxirane-hydroxyl
reaction will take place in the presence of phosphoric acid. It is possible to syn-
thesize ESO-based polyols having varying hydroxyl content and phosphate-ester
functionality by controlling the type and amount of polar solvent and phosphoric
acid content [70]. Inter-esterification or intermolecular ether formation are also
observed as side reactions, depending on the molar proportion of the hydrogen
donor [68]. Different catalysts for the ring opening of the epoxide groups in ESO
have been evaluated in many works. The most common catalysts are sulfuric acid,
p-toluenesulfonic acid, perchloric acid, tetrafluoroboric acid (HBF,) and activated
clays. HBF, have been found to produce polyols with a higher OH content, and
lower viscosity than other catalysts in the ring opening reaction of ESO with metha-
nol [69]. And, triflic acid is a very effective catalyst for preparing ESO polyether
polyols [60]. As alcohol concentration relative to ESO is reduced, higher molecular
weight polyether polyols can be produced in a controlled way [60].

3.2 ESO-based polyurethanes

Currently, vegetable oils-based polyols are gradually replacing petroleum-
based hydroxyl for preparing PUs, which are considered as sustainable and
environmentally friendly polymers from biomass industry [5]. ESO based polyols
can be co-polymerized with some commercial isocyanates, such as toluene di-iso-
cyanate (TDI), methylene-4,49-diphenyldiisocyanate (MDI) or others, to obtain
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Synthesis of soybean-oil-based PUs [66].

bio-based PUs with useful properties, including enhanced hydrolytic and thermal
stability, as shown in Figure 5.

The structure-property relationships between ESO based polyols and PUs have
been extensively investigated. Several factors have important influences on the prop-
erties of the PUs, such as chemical structure of the segment, chemical composition,
hydroxyl group position, hydroxyl values of polyols and cross-linking densities of the
PUs networks [71]. The structure and properties of PUs prepared from halogenated
as well as non-halogenated soybean polyols with commercial isocyanates have been
studied which shows that brominated polyols and their corresponding PUs have the
highest densities and Tg while their thermal stabilities are lowest. Chlorinated poly-
ols have comparable glass transition and strength to brominated polyols, somewhat
higher than the methoxy-containing and hydrogenated polyols [69]. Besides, the
NCO/OH mole ratios also show effects on the properties of the PUs networks that the
cross-linking densities, Tg, and tensile strengths deteriorate as the NCO/OH ratios
decrease and glassy polymers can be produced when the NCO/OH ratio is between
0.8 and 1.05 [72]. The studies on polyurethane resins from a blend of glycerol and
polyol show that the increasing of Tg caused by the incorporation of glycerol into soy
polyols obviously enhances the rigidity of PUs [73]. The polyurethanes elastomers
synthesized from ESO based polyols obtained by ring opening with Ricinoleic acid
(RA) and sebacic acid with citric acid as the cross-linker display biocompatibility
and biodegradability and are very suitable for bone tissue engineering [74].

Furthermore, ESO is able to be effectively converted to carbonated soybean
oil (CSBO) containing five-membered cyclic carbonates by reacting with carbon
dioxide in the presence of tetra-butylammonium bromide at 110°C in high yield [75].
Then, CSBO can easily react with diamines to give the corresponding non-isocyanate
polyurethane networks(NIPUs), and the thermal and mechanical properties of
NIPUs can be well adjusted and controlled by changing the CSBO/amine ratio [76].

4. Acrylated epoxidized soybean oil (AESO)
4.1 Synthesis of AESO

AESO is commercially-manufactured derivative of ESO and has been exten-
sively used in coatings, resins and composites. The acid-catalyzed synthesis process
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of AESO is shown in Figure 6. The acid catalyst promotes the formation of an
oxonium ion, which can be stabilized by local epoxide group. And the ring-opening
reaction happened between acrylic acid and the oxonium ion. Inhibitor is needed in
this reaction to prevent polymerization of vinyl groups. The acrylation reaction has
a first-order dependence on the concentration of epoxy groups, but the rate con-
stant increases with the decreasing of epoxides per fatty acid due to steric hindrance
and the stabilization effect of local epoxide group on oxonium groups [77].

4.2 Thermal initiation of AESO

Through reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tion, AESO can be made into a hyper-branched bio-based polymer without macro-
gelation [8, 79]. The conversion of vinyl is usually over 50%, which indicates that
it is possible for multifunctional renewable feed stocks to be made into bio-based
thermoplastics polymers at a high conversion without gelation [8].

Most of the researches focused on the cross-linking reaction of AESO through
free radical polymerization. Like the ESO, the cross-linked homopolymers from
AESO also have the shortage that the polymers exhibit poor mechanical properties
[80]. One of the common methods used to enhance its mechanical properties is
adding reinforcements to make polymer composites. There are many polar groups
in the structure of AESO, including C—0, ==OH and epoxy groups. These polar
groups provide the possibility for the formation of hydrogen bonds between AESO
and fillers [80]. Thermoplastic polyurethane [81], microcrystalline cellulose (MCC)
[80] and cellulose fiber [82] are the common reinforcements worth investigation for
poly(acrylated epoxidized soybean oil) (PAESO). The interaction between PAESO
and polyurethane can be enhanced by the formation of hydrogen bonds between
hydrophilic functional groups from both of the two components which give rise
to the result of improving the toughness and increasing the elongation of PAESO
[81]. As a green filler, microcrystalline cellulose will increase the density, hardness,
flexural strength and modulus of the material without decreasing the bio-based
content [80]. Cellulose-reinforced PAESO can also be successfully made into bio-
based foams with enhanced mechanical properties, which shows the great potential
to replace petroleum-based foams [82].

Another common way to adjust the properties of AESO-based materials is the
incorporation of co-monomers. Styrene [83-86], N-vinyl-2-pyrrolidone (NVP)
(64, 87], 3-isopropenyldimethylbenzyl isocyanate (TMI) [88], isocyanatoethyl
methacrylate (IEM) [88], 1,6-hexanediol diacrylate [89], divinylbenzene [86, 89]
and unsaturated polyester [90-94] are widely used as co-monomers for AESO. The
diblock copolymers based on AESO and styrene are able to work as an additive for
asphalt to modify the rheological performance so that the corresponding stiffness,
elasticity and rutting resistance of the asphalt can be substantially improved [83].
The copolymer based on AESO and styrene can also be reinforced by natural fibers
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Figure 6.
Mechanism of AESO synthesis [78].
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[84] and denim [85] to obtain bio-based composites for structural applications, such
as roof structure and safety helmets. Due to the toxicity of styrene, styrene-free
polymers become more attractive recently. NVP is an alternative to styrene in the
synthesis of copolymer based on AESO, and the corresponding hemp fibers (HFs)
composites exhibit superior static and dynamic mechanical properties [64]. As both
AESO and HFs contains ==OH groups in their structures, the addition of isophorone
diisocyanate, whose isocyanate groups can react with ==OH groups, to the AESO/
HFs/NVP system can improve the properties by working as both a cross-linker and

a coupling agent [87]. Accordingly, TMI and IEM bringing both C—C double bonds
and isocyanate groups into the reaction systems may also be good co-monomers

for AESO/HFs system. Besides the free radical polymerization of vinyl groups,

the reactions between isocyanate groups and the =OH groups of AESO and HFs
also occurred at the same time in this bio-based polymer composite systems [88].
Consequently, the crosslinking density and interfacial reaction between reinforce-
ment and the matrix can be improved significantly, leading to the enhancement

of storage modulus, Tg and water resistance. As a nonvolatile and nonhazardous
chemical, AESO is a suitable replacement for styrene in unsaturated polyester
(UPE) resin to obtain hybrid polymer networks [90-94]. The UPE with unsaturated
sites works as the co-monomer for AESO, and the final products usually exhibit
comparable properties to correspondingly styrene-based products. The combination
of a variety of co-monomers may provide AESO based copolymers with more pos-
sibilities. The thermosets based on the combination of AESO, styrene and divinyl-
benzene can be the potential replacements for commercial electronic materials [86].
The combination of AESO, 1,6-hexanediol diacrylate and divinylbenzene is able to
make into the matrix for bacterial cellulose nanocomposite foams and the properties
of the composites can be tailored by adjusting the compositions [89].

Although petroleum-based co-monomers can bring excellent properties, the
decrease of the bio-based content is still not expected. Functional bio-based
co-monomers are desired in consequence. Isosorbide can be used to synthesize a
bio-based co-monomer for AESO through the reaction with methacrylate anhy-
dride [95]. The product, isosorbide-methacrylate (IM), which has stiff structure,
endows the bio-based networks with ideal thermal and mechanical properties.
Similarly, rosin is also a bio-based raw material with a rigid molecular structure.

Its derivative, N-dehydroabietic acrylamide (DHA-AM), can enhance the storage
modulus, Tg, thermal stability, tensile strength and hydrophobicity of AESO/
DHA-AM thermosets [96]. Methacrylated lauric acid (MLAU) is another bio-based
reactive diluent for AESO. The mixture exhibits a suitable viscosity for liquid
molding techniques to get AESO based thermoset specimens with low densities
and Tg around room temperature [97].

4.3UV curing of AESO

AESO has been widely applied in the UV curing systems for their lower volatility
and relatively higher reactivity of C—C bonds which are able to conduct free-
radical polymerization in the presence of functional initiator. In general, residual
internal stress in the UV-curing coating film often leads to poor adhesion with
substrate. AESO can be used to synthesize cured films with reduced internal stress
and its flexible triglyceride structure can improve adhesion [9]. UV-curable materi-
als based on AESO have been found many applications like coatings, adhesives and
composite materials [98]. As petroleum-based fiber composites often swell after
water absorption resulting in deterioration of mechanical properties, the dried
distillers grains (DDGS)-flax mat coated with AESO polymerized by UV light
with the initiation of irgacure 819 shows improved water resistance property [99].
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Besides, AESO-based UV-cured PUDs with higher functionality can be used in
textiles printing. Different content of AESO based UV-curable PUDs pigment prints
adhesive have been successfully synthesized with isophorone diisocyanate (IPDI),
poly(caprolactone glycol) and 2-hydroxyethyl methacrylate, and all UV-curing
films have excellent thermal stability [98]. With the increasing of AESO content,
the color strength of printed fabrics can be enhanced correspondingly. Conversely,
the increasing of UV radiation time shows positive impact on the color fastness
[100]. UV-curable, AESO-based organic shape-stabilized phase change materi-

als also can be obtained by UV technique with enhanced thermal performance,
decreased melting and freezing temperature, which verify the promising applica-
tion of UV-curable material for thermal energy storage [100].

However, the existing of soft long aliphatic chains usually results in low
mechanical or thermal properties and some rigid compounds are often added as the
co-monomers to improve the performances of AESO-based UV-curable materials.
Acrylate acid is one of the most common-used petroleum-based rigid compounds.
The performances of AESO-based UV curable coating materials by using petro-
leum-based hyper-branched acrylates (HBAs) as co-photo-polymerization mono-
mer, using acrylated sucrose (AS) as tougheners and using tetra-hydrofurfural
acrylate (THFA) as reactive diluents show the increased coating hardness, adhesion,
modulus, solvent resistance and glass transition temperature [101]. Nowadays,
many researchers are devoted to exploit bio-based co-monomers to develop
high bio-based content UV-curable coatings. Monomer acrylated betulin (AB)
synthesized from botulin [102], unsaturated monomer (named IG) synthesized
from itaconic acid and glycidyl methacrylate [103], monomers (named EM2G and
EM3G) synthesized from eugenol via a thiol-ene reaction and epoxide ring-opening
reaction [104] have been all evaluated to be successfully used with AESO matrix
polymer and have great potential to improve the properties of UV curable coating.
Coating films containing AB from 5 to 10 wt% contents have better modulus of
elasticity, tensile strength, abrasion resistance and hardness, higher Tg and lower
strain at break value, while the transmittance of the cured films is reduced with
increasing AB loading, especially for wavelengths below 650 nm. In comparison,
the polycyclic structure of betulin imposes a more rigid structure on AESO matrix
polymer to enhance the applied performance [102]. In the presence of irgacure 184
as initiator, a series of UV-cured coatings without any solvent can be successfully
prepared with IG (EM2G or EM3G) and AESO, and EM2G and EM3G show higher
reactivity when copolymerized with AESO. The introduction of IG, EM2G and
EM3G in the UV-curing system results in significantly improved mechanical and
thermal properties as well as coating performances such as hardness, flexibility,
adhesion, solvent resistance [103, 104].

5. ESO-based polymer composites

ESO is initially used as a plasticizer in industry for poly(vinyl chloride) chlori-
nated (PVC) rubber, and poly(vinyl alcohol) (PVA) emulsions to improve stability
and flexibility [105, 106], and ESO is also considered to be potential nontoxic
biocompatible plasticizers for poly(3-hydroxybutyrate) (PHB) and polylactic acid
(PLA) when combined with other plasticizers [107-109]. Moreover, it is an interest-
ing trend to prepare composites of ESO or its homo-polymers with other materials
because of their special properties. A double network composites with ESO and a
di-hydrocoumarin derived network can been synthesized with toughening effect,
which make the ESO-based polymer possible to be applied in the fields of coatings
and films [110]. The composites of cross-linked ESO and acrylic monolith [111] or
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poly(lactic acid) [112] apparently exhibit much larger Young’s modulus and tensile
strength than ESO homo-polymer and can work as shape memory materials, which
makes ESO a potential component for manufacture of intelligent polymer materials.

Interestingly, the long chain alkane fatty acid residues in ESO can give the com-
posites hydrophobicity, so cross-linked ESO can also work as a water-resistant film
for paper that the obtained composites may be competitive in the field of packaging
considering their good properties [113]. An efficient method has been reported for
the formation of cellulose-based materials grafting with poly epoxidized soybean
oil (PESO) with controllable hydrophobic properties [114] 1-2. A kind of PESO
coated paper composites with good water-resistant property have been obtained via
in situ polymerization of ESO on the surface of the paper cellulose fibers [113].

6. Conclusions

This chapter summarizes the most recent advances in the application of ESO
and its derivatives for preparation of bio-based polymeric materials. The mul-
tiple reactive epoxy groups from triglycerides of unsaturated fatty acids imply
its great potential in the bio-based polymer preparation fields with controllable
biodegradability, thermal and mechanical properties. ESO can crosslink directly
with variety curing agents to form permanent network, or to introducing reactive
function groups by chemical modifications. Two most important modifications
are introducing hydroxyl groups and esterification to produce acrylates. Based on
these, varieties of new polymeric materials have been prepared recently from ESO
and derivatives that exhibit industrially viable thermos-physical and mechanical
properties and thus may find many possible applications. It is believed that ESO
based compounds will gain continuously strong interest and allow new develop-
ments both in academic and industrial points of view.
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Abstract

Soybean has a high biological value because it is a potential nutraceutical that
benefits human health. Isolated peptides of soybean have been associated with
activities such as anticancer, antioxidants, antiobesity, antithrombotics, hypocho-
lesterolemic, antidiabetic, immunomodulatory and antimicrobial, and this last
activity is also obtained from microorganisms isolated from soybean subjected to
processes such as fermentation, which can act directly against pathogens that are
resistant to antibiotics or participate in the synthesis of new peptides with anti-
microbial activity, so they could be used as preservatives in food as an alternative
in the prevention of diseases. Strains of Bacillus subtilis isolated from soybean are
mainly those that have the ability to inhibit the growth and proliferation of patho-
gens; some fungi such as Rhizopus microspores and Aspergillus oryzae have also had
an inhibitory effect. This chapter describes the potential of microorganisms and
peptides obtained from different sources of soybean against pathogenic microor-
ganisms responsible for foodborne diseases.

Keywords: soybean, antimicrobial, peptides, microorganisms, fermentation

1. Introduction

Soy is a vegetable source of high protein content that simultaneously has several
beneficial effects in human health. Its composition includes nutritional compounds
of high biological value as lipids, vitamins, minerals, sugars, isoflavones, flavonoids,
saponins, and peptides. Its nutritional content has proven its antihypertensive,
anticholesterolemic, antioxidant, and anticancer activity [1]. Soy fermentation has
mainly been conducted to preserve foods. However, it has been proven that this pro-
cess is generated by certain microorganisms, expresses diverse nutritional compounds
of certain biological value, and simultaneously lowers the concentration of antinu-
tritional components as proteases, phytic acid, urease, and oxalic acids [2]. During
this process, starter microorganisms turn complex organic compounds into simple
compounds, improving their functionality and availability in the food matrix [3].
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Different foods are derived from soy fermentation, in which lactic acid bacteria are
used as starter microorganisms, mostly bacteria belonging to the genus Bacillus.
These bacteria are responsible for the expression of certain antimicrobial compo-
nents and provide the fermented products with certain organoleptic characteristics.
Peptides, a product of protein hydrolysis, are one of the components expressed by
starter microorganisms. They have been proven to exert a biological activity, largely
due to the antagonistic and inhibitive effect of pathogenic microorganisms that cause
gastrointestinal diseases and are transmitted by food. It has been demonstrated that
short-chain peptides have a more efficient inhibitive action than long-chain ones [4].

On the other hand, it has been reported that some antimicrobial lipopeptides
can interact with the cell’s membrane, forming pores and leading to cell lysis [5].

This chapter consolidates relevant information on microorganisms and peptides
isolated from soy-based foods that are known to have a microbial and/or antago-
nistic action in the presence of pathogenic bacteria. Reports are listed stating that,
after fermentation, microorganism can express antimicrobial compounds that
could be analyzed to be substituted by antibiotics.

2. Fermentation

Fermentation is a feasible way to produce peptides when compared against
the use of enzymes in protein hydrolysis. Proteolytic enzymes produced by
microorganisms involved in fermentation release peptides and free amino acids
[6, 7]. For instance, the p-galactosidases in lactic acid bacteria in fermentation
can hydrolyze oligosaccharides present in soy, reducing the unpleasant taste
and flatulence [8-10]. Oligopeptides, dipeptides, and tripeptides are created
as a result of protein hydrolysis by this type of proteolytic enzymes in soy milk
fermentation [11]. The creation of peptides also depends on the soybean variety,
the type of inoculation microorganism, and even the strain. Sanjukta et al. [7]
found that the efficiency of hydrolyzed protein and free amino acids in fermented
soybean with Bacillus subtilis MTCC5480 was higher than with Bacillus subtilis
MTCC1747. The activity and generation of microorganisms during fermentation
can vary depending on the substrate to produce a determined food. Among the
possible sources of fermented-soybean products created from Bacilli are natto,
kinema, and chungkookjang. Some other products as sufu, tempeh, douchi, miso,
and combinations as doenjang are obtained from fungi. Other products derived
from soybean as doubanjiang, meju, sokseongjang, cheonggukjang, kanjang, thua
nao, hawaijar, and tungrymbai also create microorganisms with certain biological
functions [6, 12, 13].

3. Fermented soybean products
3.1 Buckwheat sokseongjang

Buckwheat sokseongjang, a traditional Korean food, is an aged paste made from
fermented soybeans. This fermentation takes place with Bacillus subtilis HJ18-4 as
inoculum at 35°C for 36 h [14]. During the fermentation of buckwheat sokseong-
jang, there is a decrease in sugar content while the opposite occurs for protease and
amylase activities [15]. Due to the type of microorganism, the soybean food shows
a high antimicrobial spectrum. Lactobacillus plantarum JSA22 has also been isolated
from buckwheat sokseongjang with probiotic properties that are able to inhibit
infection by S. typhimurium in intestinal epithelial cells [16].
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3.2 Cheonggukjang

This food is also produced from fermented soybeans and, as buckwheat
sokseongjang, it is traditional in Korea [17]. Fermentation of cheonggukjang is
completed at 40-43°C for 48-96 h [18], using natural microflora as Bacillus subtilis
[19, 20]. During this process, the hydrolysis of compounds increases, leading to the
conversion of glycosylated flavonoids into aglyconated forms. Additionally, several
proteins are degraded into small peptides and amino acids [21, 22]. Cheonggukjang
contains many enzymes, microorganisms, and bioactive compounds considered a
source of proteins, hydrolyzed peptides, and lipids [19, 20, 23].

3.3 Miso

Miso is a soybean paste obtained by fermentation with lactic acid, yeast, and
tane-koji (starter). It maintains some of the texture of the beans; however, the final
product is a paste. Aspergillus oryzae strains are inoculated, allowing the fungus to
grow and cover the beans; the process can take months and the same miso can be
used as inoculum for new fermentations [24]. The presence of microorganisms as
Lactococcus sp. GM005, which are capable of producing peptides with antimicrobial
activity has been reported in miso fermentation [25].

3.4 Solid fermented soy foods
3.4.1 Douchi

Within the solid fermentation of soy products is douchi, a product of black
soybeans that is traditional in China. Several types of douchi can be identified
according to the type of microorganisms used in the fermentation (filamentous
fungi or bacteria). The soybeans are washed and soaked for 3-4 h. Then, they are
steamed for 50 min approximately and cooled at 30°C. The beans are inoculated
with Aspergillus aegyptiacus [26], although Mucor, Rhizopus, and bacteria can also
be used [27]. After inoculation, the beans are maintained at 30°C for 3-4 days to
make koji. Afterwards, they are washed with water and mixed with 16% salt, water,
ginger, and a mix of powdered spices. During maturation, the fungal enzymatic
activity promotes an increase in amino nitrogen levels and organic acid as well asa
reduction in the concentration of isoflavones [24, 26]. Some studies have reported
that douchi inhibits the angiotensin-converting enzyme and a-glucosidase and has
an antioxidant activity [28, 29].

3.4.2 Natto and kinema

Natto and kinema are soy products with similar elaboration processes. To make
natto, soybeans are soaked in water at 21-23°C for 20 h and are boiled at 121°C for
40 min. They are then cooled at 50°C for inoculation with a pure culture of Bacillus
subtilis natto spores that germinate at 50°C [30]. Similarly, to produce kinema,
soybeans are soaked overnight at 25°C, cooked, and ground [31]. The fermentation
of the product occurs naturally: during the process, bacterial spores able to survive
cooking are generated; therefore, there is no need for starter microorganisms. Due
to the type of microbiota generated during the fermentation of kinema (species
of Bacillus, Bacillus subtilis, Bacillus licheniformis, Bacillus cereus, Bacillus civculans,
Bacillus thuringiensis, and Bacillus sphaericus [32] some antimicrobial activity is
likely to exist, mainly because of the presence of Bacillus subtilis, which has been
reported to have an antimicrobial effect [33].
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3.4.3 Tempeh

Tempeh is another solid fermented soy product. Its preparation starts with
hull removal; then, the beans are soaked in water for 17 h, approximately. They
are cooked in water for 30—40 min; the water is drained and the beans are cooled
at room temperature for inoculation with Rhizopus oligosporus and incubated at
32°C for 26 h [34]. The fungal metabolism created during the fermentation causes
changes in the composition of tempeh due to the increased protein degradation
generating molecules of low molecular weight [35]. Some studies have reported that
peptides, as bacteriocins, are generated from microorganisms isolated from tempeh
and have an antibiotic effect [36].

4. Antimicrobial peptide action

The process of soy fermentation creates secondary metabolites, as antibiot-
ics and peptides that have some biological activity beneficial to human health.
Antimicrobial ability is one of the reported activities that secondary metabolites
exhibit. It may be due to the peptides produced by protein hydrolysis present in
the food or starter culture. It has been reported that Bacillus subtilis can produce
a wide range of antimicrobial compounds with an antagonistic effect against
bacteria and fungi [12, 14, 37, 38]. It is known that Bacillus subtilis is able to
create bioactive peptides. Some pathogenic microorganisms susceptible to these
peptides are: Campylobacter spp, Clostridium botulinum, Listeria monocytogenes,
Salmonella typhimurium, Staphylococcus aureus, Pseudomonas aeruginosa, Botrytis
cinerea, Fusarium moniliforme, Micrococcus luteus, and S. typhimurium [39]. The
action mechanism of the antimicrobial activity can be different between pep-
tides. Their hydrophobic characteristics allow them to interact with the lipid layer
of the cell membrane. Those peptides in close contact with the bacterial cell must
cross the capsular polysaccharide to interact with the outer membrane. Once the
peptides have connected with the plasma membrane, they can interact with the
lipid bilayer [40]. Through the interaction with the bacterial membrane, peptides
cover the cell surface and lipids are aggregated. In consequence, peptides interact
with the membrane and destabilize it, leading to pore formation and disruption
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Figure 1.
Action mechanism of antimicrobial peptides (modified from Ruiz et al. [43]).
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of the membrane, leading to cell lysis (Figure 1) [41-43]. In addition, peptides
can produce indentations in the cell surface and induce micellization, disrupt-
ing the bacterial membrane [44]. On the other hand, an extensive presence of
bubbles in bacterial cells promotes the release of intracellular material and, in
consequence, antimicrobial peptides [45]. When peptides penetrate into the cells,
they create clusters and aggregates, which promotes ion leakage from the cell
[42]. The action mechanisms can depend on a number of physicochemical factors
of the peptide’s structure, charge, chain length, amino acid composition, and
amino acid sequence.

5. Microorganisms

The fermentation quality of soy foods is determined by the type of bacteria gen-
erated. Lactic acid bacteria are especially interesting because of their function. They
provide flavor and protect against contamination by pathogenic microorganisms
[24]. These bacteria can produce bacteriocins in fermented-soybean products that
contribute to control the growth of microorganisms as Listeria sp. and Klebsiella
spp. Strain Bacillus subtilis is able to produce antibiotics and peptides as bacteriocins
and lipopeptides with antimicrobial activity. This genus is a strong producer of
hydrolytic enzymes that allow for the digestibility of fermented-soybean products
[46]. The most common contamination in fermented products is caused by Bacillus
cereus; this microorganism can produce enterotoxins on cooked soybeans, i.e., in
kinema. However, only small amounts of enterotoxins were formed in the presence
of a competitive dominance of Bacillus subtilis [47].

5.1 Lactic acid bacteria

Lactic acid bacteria are considered probiotic microorganisms thanks to the
diverse beneficial effects they produce on human health. Still, they have also been
proven to have antimicrobial activity against pathogenic bacteria [48]. Recent
studies on probiotics have reported that fermented-soybean products have strong
antibactericidal effects against pathogens transmitted by food [49]. These bacteria
show inhibitive effects on many pathogenic organisms both iz vivo and in vitro,
including Salmonella, Shigella, Clostridium, Bacillus cereus, Staphylococcus aureus,
Candida albicans, Listeria monocytogenes, Escherichia coli, and Campylobacter
jejuni [50]. El-Sayed et al. [51] analyzed the antimicrobial activity of probiotic
lactic acid bacteria during the fermentation process of soymilk. They found those
microorganisms have an antagonistic effect against pathogenic agents as E. coli and
S. aureus. Additionally, the fermentation process generates secondary metabolites
as organic acids, hydrogen peroxide, and certain bacteriocins, which enhance the
inhibitory capacity of pathogenic microorganisms. Bacteriocins are ribosomally
synthesized antimicrobial peptides with inhibitory activity towards a wide range
of pathogens [52]. Lactic acid bacteria isolated from Tungtap, a fermented species
of Puntius, and Tungrymbai, a fermented-soy product, can produce bacteriocins.
The bacterocins of lactobacillus, Pediococcus and Enterococcus possess better inhibi-
tory properties against pathogens than antibiotics. Bacteriocins have an inhibitory
effect against p-lactamase greater than antibiotics, which is desired because this
enzyme provides resistance to bacteria to be inhibited [53]. Streptococcus pyogenes,
Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, and Bacillus cereus are
the main microorganisms inhibited by this type of bacteriocins produced from
lactic acid bacteria.
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5.2 Bacillus subtilis SN7

Bacillus subtilis strain SN7 is isolated from meju, a fermented-soy product from
Korea. Strain SN7 has an antimicrobial activity against pathogens as Bacillus cereus
and is able to produce bacteriocins. This strain poses no risk to human health and is
therefore widely recommended. It has been used in the fermentation of cheongguk-
jang. Bacillus subtilis SN7 efficiently inhibits the growth of Bacillus cereus vegetative
cells and the inactivated germination of Bacillus cereus spores [54]. This is because
when 4.2-4.3 log spores/mL of B. cereus ATCC 14579 and 6.2-6.3 log colony form-
ing units (CFU) /mL of B. subtilis SN7, were inoculated at 37° C for 24 h in tryptic
soy broth, B. cereus is not detected at 12 h of culture. The antimicrobial effect of
Bacillus subtilis SN7 is mainly due to its capacity in the production of bacteriocins,
and these act directly on the cell wall of the bacteria causing death and lysis of the
cell [55]. This suggests that Bacillus subtilis SN7 has a great potential as control agent
of Bacillus cereus and starter culture in Cheonggukjang. It has a wide-spectrum
antagonistic activity against Bacillus cereus, Bacillus subtilis, Bacillus licheniformis,
Staphylococcus aureus, E. coli 0157: H7, and Micrococcus luteus. However, after
extended incubation periods, the antimicrobial activity can be inhibited since the
antimicrobial compound is a protein and thus it is destroyed by proteolytic enzymes
produced by the same Bacillus subtilis SN7. Most of the Bacillus strains produce pro-
teolytic enzymes at the end of the growth for spore extrusion through autocellular
lysis [56]. The antimicrobial capacity produced by bacteriocin of Bacillus subtilis SN7
it can be inactivated by proteolytic enzymes but not by a-amylase or lipase. Mejucin,
the bacteriocin produced by Bacillus subtilis SN7, has a sequence LGPQLNKGCATCS
IGAACLVDGPIPDEIAG. The pH conditions do not affect the antimicrobial activity
since Mejucin tolerates pH 3-9 and is stable between 4 and 37°C [54]. Mejucin modi-
fies the cell membrane in such a way that its regeneration is not possible, and it also
causes the leakage of intracellular components of Bacillus cereus [13].

5.3 Bacillus sp. LM7

Bacillus sp. LM7 is a microorganism isolated from Chungkookjang. During the
stationary growth phase of Bacillus sp. LM7 and soy fermentation, the microorgan-
isms releases an antimicrobial substance called anti-LM7, which has been reported
to be stable at pH 4-9 and 80°C for 30 min. The reported antimicrobial activity
mainly affects gram-positive bacteria, including Bacillus cereus and Listeria mono-
cytogenes, and inhibits certain types of fungal strains. The antimicrobial effect is
associated to the generation of lipopeptides from two families, bacillomycin D and
surfactin analogues [57], so anti-LM7 was considered a lipopeptide. Bacillomycin
D is composed of L-Asn, D-Tyr, D-Asn, L-Pro, L-Glu, D-Ser, and L-Thr [58, 59].
Surfactin consists of a hydrophobic fatty acid and seven amino acids, including
L-Asp, 2 L-Leu, L-Glu, L-Val, and 2 D-Leu. However, its efficiency is negatively
affected by enzymes (trypsins, lipases, pepsins, or proteinase k). Chymotrypsin
cleaves the amide bond on the carboxyl side of tyrosine, tryptophan, phenylalanine,
and leucine. The protease hydrolyzes peptide amide bonds on the carboxyl side of
glutamic and aspartic acids. Therefore, chymotrypsin and protease can inhibit the
anti-LM7 activity by recognizing and hydrolyzing an amino acid in the peptide loop.
Chymotrypsin can hydrolyze peptide bonds on the carboxyl side of Tyr, Trp, Phe
and Leu and the protease Glu and ASP. Anti-LM7 isolated from chungkookjang has
a potential use in environmental, pharmaceutical, and food-processing industries,
and this can be used in dairy products and in the production of vegetables and meats
as a preservative to increase the food’s shelf life [57]. It could also be an antibiotic
source, considering the conditions under which its activity can be affected.
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5.4 Bacillus subtilis SC-8

Bacillus subtilis SC-8 is a gram-positive bacterium that has been isolated from
fermented soy. The microorganism inhibits the growth of Bacillus cereus species as
Bacillus anthracis, Bacillus mycoides, Bacillus pseudomycoides, Bacillus thuringiensis,
and Bacillus weihenstephanensis [60, 61]. Genes were also found on chromosome
SC-8 of Bacillus subtilis (BSSC8_21740 to BSSC8_21920), these genes can code new
antimicrobial peptides against B. cereus. [62]. As Bacillus sp. LM7, Bacillus subtilis
SC-8 can express surfactin, fengycin, and iturin. Fengycin is an antifungal that
inhibits filamentous fungi, yeasts, and bacteria. Its structure is given by: Glu-D-
Orn-D-Tyr-DaThr-L-Glu-D-Al/Val-L-Pro-L-GIn-L-Tyr-L-Ile. The iturin family
includes bacillomycin, iturin, and mycosubtilin; they are cyclic lipoheptapeptides
bound by a -amino acid residue. The members of this family have a strong
antibiotic property. Its structure is given by iturin A, FA-B-NH2-L-Asn-D-Tyr-D-
Asn-LGIn-L-Pro-D-Asn-L-Ser and iturin C, FA-B-NH2-L-Asp-D-Tyr-D-Asn-LGIn-
L-Pro-D-Asn-L-Ser [5].

5.5 Bacillus subtilis NT-6

Bacillus subtilis NT-6 has been isolated from natto; it is able to release AMPNT-
6, an amphipathic peptide with a hydrophobic fatty acid section and a hydrophilic
peptide section. The molecular structures of these lipopeptides are cyclic because
the C-terminal peptide residues connect with the p-hydroxy fatty acid through the
hydroxyl group of the peptide residue directly with a f-amino acid [63]. Peptide
AMPNT-6 has antimicrobial characteristics within a wide pH range (2-12). It
is thermally stable, even at 100°C during 20 min, and has excellent solubility
in both oil and water. It is efficient not only against gram-positive and gram-
negative bacteria but also against fungi [64-66]. Xu et al. [67] reported a study
on AMPNT-6 against Vibrio parahaemolyticus. The antimicrobial efficiency of the
peptide depends on time and concentration. AMPNT-6 has a high inhibitory effect
on V. parahaemolyticus at a minimal inhibitory concentration (MIC) (1.25 mg/mL).
The action mechanism is the result of the destruction of the cell wall, forming
pores in the cell membranes. Peptide AMPNT-6 has also been studied to deter-
mine its capacity to reduce adhesion and alter Shewanella putrefaciens preformed
biofilms in two different contact surfaces (shell of shrimp, stainless steel blade).
At minimal inhibitory concentration of 3 mg/mL, it was able to eliminate the
formation of biofilms and prevent bacteria from forming them again in a model
using a 96-well polystyrene microplate. It has also been reported that AMPNT-6,
decreases the amount of extracellular polymeric substances secreted by bacteria,
which is beneficial, since these substances are the main component of the biofilm
responsible for adhesion [68, 69] and can strengthen the interactions between
bacterial cells and participate in the formation of bacterial colonies on the contact
surface [70]. At MIC of 2 mg/mL, it prevents bacteria from adhering to the surface
of the microplate to form biofilms in a 3 h period while the elimination of formed
biofilms takes place at 24 h [71]. Staphylococcus aureus and enterotoxin B, have also
been controlled by the AMPNT-6 peptide, this may be due to the fact that they
have been reported to contain three main lipopeptides such as surfactin, fengycin
and iturin, capable of producing pores in the membranes that do not generate
strains resistant to drugs [67, 72-74]. The antimicrobial activity of the AMPNT-6
peptide is not affected by the conditions used in meat products (temperature
25-37°C, sodium chloride concentration 7-8%, pH 7.4-8.4, and sodium metabi-
sulfite concentration 0.2-0.4%); therefore, it can be viable for application in meat
products [66].
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5.6 Bacillus subtilis HJ]18-4

Bacillus subtilis HJ18-4 is a microorganism that has been isolated from buck-
wheat sokseongjang. It has an antimicrobial activity against Bacillus cereus and
other pathogens [75]. To demonstrate the antimicrobial effect of B. subtilis against
B. cereus, these microorganisms have been inoculated in Luria-Bertani broth at 30°
C for 24 h. B. subtilis has been inoculated at different concentrations (0.125, 0.25,
0.5 and 1%) and B. cereus at 0.5%. The highest inhibitory effect that B. subtilis
showed against B. cereus was 0.5 and 1%, the survival of B. cereus decreases by
6.87-5.65 log CFU/mL, respectively [14]. In addition, gene expression has been
used to prove the efficacy of the microorganism’s antimicrobial capacity. Eom
et al. [14] reported a decrease in the expression of genes related to toxin of Bacillus
cerveus as groEL, nheA, nheC, and entFM with Bacillus subtilis HJ18-4, proving its
antimicrobial capacity.

5.7 Bacillus subtilis SCK-2

Among the bacteria isolated from the traditional Korean paste of fermented
soy Kyeopjang, Bacillus subtilis SCK-2 shows antimicrobial activity against Bacillus
cereus [76]. Peptide AMPC IC-1 has been identified from Bacillus subtilis SCK-2.
It is a 33-residue thermostable peptide of 13 amino acids (Cys, Asn or Asp, Gln or
Glu, Ser, Ala, Pro, Gly, Arg, Thr, Val, Ile, Leu and Lys) and its molecular weight is
3.4-3.6 kDa [77]. It has antimicrobial properties against species from the Bacillus
cereus group. In addition, AMPC IC-1 inhibits the growth of Bacillus cereus KCTC
3624, KCTC 3674, and KCTC 3711 at a concentration of 50 pg/mL for 24 h [78].
However, it is not efficient for other pathogenic microorganisms as Listeria mono-
cytogenes, Salmonella enterica, Salmonella enteritidis, Staphylococcus aureus, and
Escherichia coli 0157:H7 [77]. The antimicrobial activity of AMPC IC-1 is more
stable under neutral and alkaline conditions [78]. The interaction between this
peptide and proteases and proteinase K reduce antimicrobial activity [12]. The
antimicrobial action mechanism takes place through the permeation of the cell
membrane [76].

5.8 Enterococcus faecium

Enterococcus faecium is predominant in fermented foods, where it plays a key
role thanks to its contribution to maturation and aroma development [79]. It is able
to produce bacteriocins and has an inhibitory effect against pathogenic bacteria as
Listeria sp., Staphylococcus aureus, Vibrio cholevae, Clostridium sp., Bacillus sp., and
Helicobacter pylori [80-86]. Two bacteriocins (1 and 2) were obtained in tempeh
from E. faecium LMG 19827 and E. faecium LMG 1982, respectively. Bacteriocins
1 and 2 have a molecular weight of 3.4 and 5.4 kDa. Their antimicrobial activity
is mainly against L. monocytogenes and gram-positive indicators as Enterococcus
faecalis, E. faecium, Carnobacterium divergens, C. piscicola, Lactobacillus brevis, L.
pentosus, and Paralactobacillus selangorensis. The antimicrobial activity of bacterio-
cins is more stable after thermal treatment, except at alkaline pH values [36].

Enterococcus faecium has been isolated from chungkookjang. The strain is resis-
tant against simulated gastrointestinal diseases. Strains S2C10 and S2C11 inhibit
the viability of Listeria monocytogenes ATCC 19113. L. plantarum KCTC 1048,
Lactococcus lactis KCTC 1913, L. lactis KCTC 3769, Leuconostoc lactis ATCC 19256,
and Pediococcus acidilactici KCTC 1627. The ability is probably due to bacteriocin
production. This antimicrobial effect is not altered at pH 2-8; however, at pH 10,
the activity is reduced and often affected by enzymes as lipase [87].
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5.9 Lactococcus sp. GMO005

Another microorganism isolated from a fermented-soybean product (miso
paste) is Lactococcus sp. GMO005, which can produce 9.6-kDa bacteriocins against
L. sakei (JCM1157 [25, 88]. This bacteriocin has been called GMO005 because of the
strain it is originated in. It contains a high proportion of hydrophobic amino acid
residues and lanthionine [89]. Bacteriocin GMO0OS5 is sensitive to trypsin, has shown
antibacterial activity against a producer of nisin that is immune to it, stable to heat
and neutral pH [25]. Colony forming units (CFU) per mL of L. sakei JCM1157T
have shown a decrease in their growth when treated with GMO005 [25].

5.10 Bacillus subtilis E20

Cheng et al. [33] identified three peptides with antimicrobial activity.
The peptides were isolated in a protein fraction from a solid-state fermenta-
tion of soy flour with Bacillus subtilis E20. These peptides showed an activity
against Vibrio alginolyticus and V. parahaemolyticus. They have been identified as
LSKKHEAALKAFTDAQKQ (2.01 kDa), LRFRAPAPVLRRIAKR (1.96 kDa), and
HTSKALLDMLKRLGK (1.71 kDa). This last peptide has shown a more efficient
antimicrobial activity. The minimum inhibitory concentration reported is 72 mM
[90]. The growth inhibition of Vibrio can be by the interaction with the bacterial
membranes that cause an increase in permeability [41, 91].

5.11 Bacillus natto TK-1

Lipopeptides can be obtained from Bacillus natto TK-1 in natto. The ability of
Bacillus natto TK-1 to express components with antibacterial and antifungal activi-
ties has been proven [92, 93]. The effect is due to the production of lipopeptides as
fengycin, which affects the surface of the cell membrane, inhibiting the develop-
ment of bacteria as E. coli, Salmonella typhimurium, and Staphylococcus aureus
and fungi as Botrytis cinerea and Fusarium moniliforme [91, 93-94]. However, the
efficacy of inhibition against these microorganisms and other pathogens depends
on the method of inoculation and the concentration of the antimicrobial [92].

6. Other peptides

Peptides isolated directly from soybeans have also proven to have antimicrobial
activity. Peptides PGTAVFK and IKAFKEATKVDKVVVLWTA are protein sources
from soy evaluated against Listeria monocytogenes and Pseudomonas aeruginosa. The
long-chain peptide (IKAFKEATKVDKVVVLWTA) is more effective against both
microorganisms at an inhibitory concentration of 37.2 pM. Still, peptide PGTAVFK
does not significantly affect the development and proliferation of P. aeruginosa
but inhibits L. monocytogenes at a concentration higher than 625 pM [95, 96].
PGTAVFK also has an antimicrobial activity against E. coli and S. aureus at a 31 pyM
concentration [97].

Peptides can also be produced by gastrointestinal digestion. Digestive enzymes
hydrolyze proteins, producing peptides of different sizes and free amino acids. In in
vitro systems, pepsin is used to act at stomach level and randomly hydrolyzes peptide
bonds to produce relatively large peptides, a mix of pancreatic acid and pancreatins.
The pancreatins are a mix of different peptidases as trypsin, a-chymotrypsin, elas-
tase, and carboxypeptidases. All the enzymes used, with the exception of trypsin,
hydrolyze peptide bonds, producing peptides that differ in amino acid sequence
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[98]. Peptides (613 and 4932 Da) generated by acylated protein of soy seed and
soymilk and subject to an iz vitro digestion process have proven to have biological
effects. Their size is slightly larger when compared to peptides produced by animal
digestion. Hydrolysis can be limited due to the presence of some antinutritional
factors as trypsin, lectins, and oligosaccharides inhibitors and structural barriers
(cell wall), which are scarcely digestible and inhibit diffusion of digestive enzymes
[24,99].

The analysis of the data base and algorithms of peptide sequences predicted
the generation of 11 peptides obtained from soy-seed digestion, 17 from soymilk
protein, and 8 from antimicrobial soymilk protein precipitate. The generation of
nine of those peptides is the consequence of glycine and B-conglycinin digestion.
The sequences of the antimicrobial peptides reported were: ITAQGKGALGY,
SGGIKLPTDIISKISPLPVLKEI, SGGIKLPTDIISKISPLPV, and MIITAQGKGALGYV,
IIVVQGKGAIG [97].

7. Conclusion

Soy is an important source of bioactive compounds and proteins. Some bioactive
peptides obtained from soy and its fermented and non-fermented products show
different biological actions as the antimicrobial activity. The fermentation process
allows for the generation of microorganisms, mainly Bacillus subtilis, able to inhibit
the growth of pathogenic bacteria. These microorganisms can participate in the
production of new peptides with antagonistic activity towards pathogens, resulting
in cellular lysis. Peptides can also be produced by fermentation, starter cultures, or
hydrolysis of soy proteins. These products can be incorporated as additives in the
development of functional foods and pharmaceutical products for preservation and
prevention of health risks.
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