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Abstract: Vegetable oil utilization is determined by its fatty acid composition. In soybean and other 
grain crops, during the seed development oil accumulation is important trait for value in food or indus-
trial applications. Seed development is relatively short and sensitive to unfavorable abiotic conditions. 
These stresses can lead to a numerous undesirable qualitative as well as quantitative changes in fatty 
acid production. Fatty acid manipulation which targets a higher content of a specific single fatty acid 
for food or industrial application has gained more attention. Despite several successes in modifying the ratio of endoge-
nous fatty acids in most domesticated oilseed crops, numerous obstacles in FA manipulation of seed maturation are yet to 
be overcome. Remarkably, connections with plant hormones have not been well studied despite their critical roles in the 
regulation and promotion of a plethora of processes in plant growth and development. While activities of phytohormones 
during the reproductive phase have been partially clarified in seed physiology, the biological role of plant hormones in oil ac-
cumulation during seed development has not been investigated. In this review seed development and numerous effects of 
abiotic stresses are discussed. After describing fatty acid and phytohormone metabolism and their interactions, we postu-
late that the endogenous plant hormones play important roles in fatty acid production in soybean seeds. 
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1. INTRODUCTION 

 Plant oils have become an important and integral part of 
our economy. They are important as feedstock, for food uses 
and for an abundance of industrial applications such as bio-
diesel fuel, lubricants, engine oils, polyesters, pesticides or 
inks. Vegetable oils have been identified as a potential re-
placement for fossil oils based on the strikingly similar 
chemical structure of their constituents. This has provided a 
strong case for plant oils as valuable potential replacements 
for the non-renewable oil in essentially any application [1]. 
However, current and future energy demands rely on fossil 
oil and difficulties associated with plant oil production limit 
the potential for such a transition. Restrictions, including 
available farmland and crop productivity, make such a transi-
tion virtually impossible. In contrast, the prospects for the 
use of plant oils in the material and chemical industry are 
much more promising. The material and chemical production 
industry only accounts for 10% of all fossil oil use. How-
ever, the value of the industry is equal to that of all the re-
maining fossil oil usage worldwide [2]. The material and 
chemical industry could capture much of this added value, 
by sourcing plant macromolecules which can be optimized 
for end use and thereby minimize the downstream processing 
costs [1]. 
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 Soybean (Glycine max, Gm) is one of the most important 
oilseed crops, contributing to 59% of all the world oilseed 
production in 2014 [3] and is one of the world’s most widely 
used and healthy edible oils. In addition to this, the industrial 
products and uses for soybean oil are becoming increasingly 
popular and diverse. Soybean oil utilization is determined by 
fatty acid (FA) composition. In the chemical industry, each 
specific type of FA is important to a particular but limited 
production use. This limitation can be overcome through a 
process that allows for the isolation of specific FA from the 
oil mixture, but this comes with a significant extra cost [1, 
4]. 
 In soybean as well as other oil-grain crops, oil production 
and accumulation take place during seed development and 
maturation [5]. Generally, seed development is highly regu-
lated and follows an ordered progression through three phases 
of embryonic development: morphogenesis, cell enlarge-
ment/reserve accumulation, and desiccation/developmental 
arrest. This progression, from the beginning of flowering 
stage through the embryogenesis, seed maturation, desicca-
tion and germination, has undergone a lot of research to 
elucidate many different important regulatory factors. 
Much evidence points towards the participation of both 
hormonal and non-hormonal developmental controls, some 
of which act synergistically [6]. While the role of many of 
these hormones in seed development have been reported, 
their long term effects on the accumulation in dried matter 
composition, especially FAs or oil, during seed maturation 
have yet to be investigated thoroughly. In this review seed 
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development, FA, phytohormone metabolism and their inter-
actions (Fig. 1) will be considered in order to highlight the 
connections between plant hormone dynamics and FA pro-
duction during soybean reproductive development. 

2. SOYBEAN SEED REPRODUCTIVE DEVELOP-
MENT 

 In order to best describe the reproductive phases (R) and 
seed development of soybean, authors introduced a devel-
opment scale ranging from R1-R8 based on morphological 
descriptions of these phases known as growth stages (GS) 
(Table 1) [7]. Previous studies, which consider composi-
tional changes during seed development, have utilized sam-
pling methods based on a system defined as Day After Flow-
ering (DAF) [8, 9]. Unfortunately, the DAF sampling 
method introduces variability towards the rate of seed devel-
opment caused by environmental and genotypic influences. 
Furthermore, Bewley and Black [10] found that similar stud-
ies which define seed development rates could not be com-
pared to one another because, although the pattern of seed 
development was consistent, the timing was not. The advan-
tage to utilizing growth stages is that they serve as precise 
and objective descriptions of plant development and are ap-
plicable to determinate and indeterminate soybean cultivars 
in all environments. For these reasons, the use of GS in de-
scribing soybean development has increased and continues 
to gain acceptance [7, 11, 12]. 
 On the other hand, according to embryo differentiation a 
general staging system has been described that divides seed 
development into three parts: cell division or prestorage 
phase, maturation or storage phase, and desiccation phase 

(Fig. 2). For crop seeds, maturation or seed filling duration is 
of special interest. During this stage, a regulatory network 
initiates the accumulation of storage products, on multiple 
levels. These reserves accumulate during seed maturation to 
nourish the young plant during germination and supply a 
high nutrient and chemical value. This has led to many in-
vestigations into maturation during seed development with a 
view to producing better grain crops. Much work has been 
done in legumes and in particular on Arabidopsis, which 
strongly implicates metabolite and hormone responsive 
pathways as key contributors [6, 13, 14]. 

2.1. Soybean Prestorage Stage 

 Prestorage or morphogenesis begins with the fertilization 
of the first flower, follows on to the completion of embryo-
genesis, and ends once pod development has been achieved. 
Prestorage includes GS R1-R4. Moreover, the zygote under-
goes extensive cell divisions, and resembles the globular 
heart stage. This cell differentiation subsequently results in 
the tissue types required to form the root-shoot axis [15] and 
large cotyledon where oil, protein and starch reserves are 
localized during seed maturation. In the early stage of em-
bryogenesis, the embryo is supported by a temporary organ 
called a suspensor, which provides a connection for the em-
bryo to the surrounding nutrient-providing tissues. Meas-
urements of endogenous hormone concentrations during 
morphogenesis have shown that cytokinins (CKs), abscisic 
acid (ABA), gibberellin (GA) and indole-3-acetic acid (IAA) 
are all transiently high and significantly active [6, 16, 17]. 
Tissue culture studies involving Phaseolus (common bean) 
have shown that the addition of exogenous GA can substitute

Fig. (1). Seed development and the regulation network.
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Table 1. Reproductive stages and development. 

R1 Beginning bloom: One flower at any node. 

R2 Full bloom: Open flower at one of the two uppermost nodes. 

R3 Beginning pod: Pod 0.5 cm (1/4 inch) long at one of the four uppermost nodes. 

R4 Full pod: Pod 2 cm (3/4 inch) long at one of the four uppermost nodes. 

R5 Beginning seed: Beans beginning to develop at one the four uppermost nodes. 

R6 Full seed: Pod containing a green seed that fills the pod cavity at one of the four uppermost nodes. 

R7 Beginning maturity: One pod anywhere with its mature color. 

R8 Full maturity: 95% of the pods have reached their mature color. 

Fig. (2). A generalized graph showing the relative levels of water, dry weight (DW), and hormones during the stages of seed development 
(adapted from [6]).

for a detached suspensor in promoting embryonic growth, 
suggesting that the suspensor may normally provide GAs as 
well as nutrients to the developing embryo. Similarly, other 
studies involving a focus on either exogenous hormone addi-
tion, genetic responses or exudates from tissue culture all 
suggest that the roles of GAs and CKs are primarily nutri-
tive. IAA has shown to play a major role in establishing the 
embryonic body-plan via effects on apical-basal polar-
ity/pattern formation and vascular development [18, 19]. 
ABA can act to prevent seed abortion and promote embryo 
growth during the early embryogenesis [20, 21]. Despite the 
low levels of ABA generally detected during early embryo-
genesis, the ABA biosynthetic pathway is apparently active 
at this stage. In agreement, high ABA levels have been found 
in the pedicel/placento-chalazal complex of maize kernels 
[22]. CKs have been implicated in a number of processes 
including support of suspensor function, significant promo-
tion of embryonic growth to reduce seed abortion, and en-
hancement of grain filling and seed yield via the promotion 
of cell division, especially within the cotyledons [23, 24].  

 In dicots such as soybean, prestorage cell division is 
critical as it dictates the total number of cells that will exist 
within, and in doing so lays down the ground work for cell 
enlargement during maturation. Moreover, once the number 
of embryonic cells has been defined by the key contributors, 
the seed cotyledon will enlarge and accumulate the important 
constituents based upon the available number of cells, as-
similate supply, and regulatory signals. Accumulation of 
oils/FAs and proteins occurs throughout cell enlargement 
and is central to cotyledon development. Inside the cells of 
cotyledons, oil is stored in small discrete oil bodies in the 
form of triacylglycerols (TAGs) [25]. It is believed that the 
more intracellular volume is available, the more space oil 
bodies can occupy. However, this limited available intracel-
lular space must be shared between both protein bodies and 
TAGs. Thus, it is well-known that the production of TAGs 
and protein bodies is inversely correlated [26]. 

2.2. Seed Maturation and Desiccation Stage 

 Following the first phase, the reserve accumulation is the 
next critical period in soybean seed production. Soybean 
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seed value is determined in this phase as lipid bodies and 
proteins are synthesized and stored throughout development 
stage of R5 until the end of R6. This is one of the last two 
phases of embryonic development and is sometimes collec-
tively referred to as “maturation”. At that time, seeds acquire 
the ability to survive desiccation and become ready to initi-
ate growth of the next generation, independent of the mater-
nal plant. Seed maturation begins when developing embryos 
cease growth by cell division; this coincides with an increase 
in seed ABA, a hormone which induces expression of a cy-
clin-dependent kinase inhibitor (ICK1) that could lead to cell 
cycle arrest at the G1/S transition [6]. As demonstrated in the 
Arabidopsis seed model, ABA, classically associated with 
seed maturation, is produced first in maternal tissues and 
later in the embryo [27]. Maternal ABA, synthesized in the 
seed coat and translocated to the embryo, promotes its 
growth and prevents abortion [21]. A major increase in ABA 
levels occurs during the maturation phase corresponds to the 
positive regulation of a number of genes for seed reserves 
[28, 29].  
 The middle stage of seed development is a period of 
massive reserve accumulation and cell enlargement as cells 
fill with protein and lipid bodies [30, 31]. Multiple seed mass 
and composition studies on “Williams 79” soybean seeds by 
Dornbos and McDonald [32] demonstrated that stages R5 
and R7 corresponded to seed filling initiation and physio-
logical maturity, respectively. Between those phases, water 
content (% fresh weight - FW) declines steadily although the 
total amount of water per embryo is still increasing. The 
most abundant hormone at this stage is ABA, which reaches 
peak levels during the period of maximal seed weight gain.  
 In the late-developmental stage, ABA induces dormancy 
and inhibits germination in the matured seeds by up-
regulating its own levels and down-regulating GA synthesis 
[33-36]. During the final phase of seed development, embryos 
become desiccation tolerant, lose water, and become relatively 
metabolically inactive. A decrease in the ABA level during 
the desiccation phase is also expected to result from de-
creased ABA synthesis [29]. After harvesting at the full ma-
turity stage, R8, the dry weight of a soybean seed consists of 
the following elements: oil (20%), protein (40%), carbohy-
drates (30%), crude fiber (5%) and ash (5%) [7]. Typically, 
soybean oil consists of approximately: 13% palmitic (C16:0), 
4% stearic (C18:0), 20% oleic (C18:1), 55% linoleic (C18:2) 
and 8% linolenic (C18:3) acid at 13% moisture [4, 37]. In ad-
dition to these five major Fas, a numerous minor FAs, which 
may also have commercial value could be found in soybean 
oil such as myristic acid (C14:0), arachidic acid (C20:0), be-
henic acid (C22:0) or erucic acid (C22:1) [38]. 
 Despite that seed development is a highly regulated proc-
ess, dry matter accumulation at seed filling is affected by 
both genetic and environmental factors which lead to 
changes of oil and protein concentrations of crops. In soy-
bean, the FA accumulation during seed maturation takes 
place in a short period about 4 to 6 weeks as opposed to 
those of other oil plants such as olive, oil palm or avocado. 
Crops are sensitive to stressful conditions during their short 
seed filling period, and this makes them susceptible to incur-
ring permanent changes in oil content and FA profile as well 
as crop quality and productivity [39].  

2.3. Effect of Environmental Stresses on Seed Develop-
ment 

 Soybean is an important source of dietary proteins and 
lipids for humans and animals. Both of these compounds 
make up about 60% of the seed total dry weight. This part of 
the review addresses mainly the influence of major abiotic 
environmental stresses on total oil concentration and changes 
in oil composition of soybean and compares those to other 
oil crops. However, it is well known that oil content is in-
versely related to protein in soybean [26], and thus, the ef-
fects of stresses on protein content will be also discussed.  
 Abiotic stress factors such as drought, heat, soil salinity, 
tropospheric ozone and excess UV radiation are already 
causing significant agricultural yield losses and will become 
even more prevalent in the coming decades due to the effects 
of global climate change [40-42]. The growing impact of the 
climate change is increasing the frequency of adverse envi-
ronment conditions and has driven worldwide attempts to 
adapt agricultural production to such stresses [43, 44]. Con-
sequences of exposure to abiotic stresses include various 
physiological changes in crop plants, such as: alterations in 
the photosynthetic gas exchange and assimilate translocation 
[45], altered water uptake and evapotranspiration, effects on 
nutrient uptake and translocation [46], antioxidant reactions 
[47], programmed cell death [48], and altered gene expres-
sion and enzyme activity [49, 50]. These exposures are likely 
to have numerous effects on the chemical composition of 
crops and, consequently, the quality of agricultural products.  
 Oil and protein concentrations of crops are sensitive to 
both genetic and environmental factors. The major stress 
factors that have been investigated are: drought, salinity, 
ozone and heat. The observed effects are variable and de-
pend on the stress type, crop species, and experimental con-
ditions, but some typical patterns can be characterized. A 
decrease in the lipid concentration has been reported in al-
most every study involving crops grown under unfavorable 
conditions. By contrast, these stresses usually stimulate 
higher protein concentration in the harvested fraction of 
crops, with only a few studies showing no effect or lower 
protein concentration [39]. 

2.3.1. Effect of Abiotic Stresses On Oil Content and Fatty 
Acid Composition 

 The FA profile of soybean oil is a fundamental quality 
attribute. Genotype is the main determinant of FA composi-
tion, but environmental factors such as climate conditions 
have been linked to variations in oil quality and yield. Re-
markable variability of effects was observed, depending on 
the stress type, crop species and experimental conditions; 
however, some general patterns can be discerned. Notably, 
the majority of the studies reported decreases in the lipid con-
centration when crops were grown under stressful conditions 
[51, 39]. Liu et al. [52] and Feng et al. [53] indicated UV-B 
radiation decreased total biomass and seed yield per plant. 
These losses were mainly attributed to the change of pod 
number per plant and seed size. In a report on seed develop-
ment gene expression, Fatihi et al. [54] indicated that a re-
duced seed size is primarily associated with reduced TAG 
content in the embryos of Arabidopsis. 
 In case of the drought stressed crops, almost all studies 
reported a decrease in the lipid concentration of the har-
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vested products compared to that of the sufficiently watered 
plants [39]. Few studies failed to detect significant decreases 
in oil concentration due to drought, and only one study re-
ported an increase in oil concentration, in olive fruits [51, 
55]. It is important to note that, in seeds of annual crops, 
such as soybean and sunflower, oil accumulates at a high 
rate during a short period of time (between 30 and 45 days). 
On the other hand, in olive fruit – similar to those of oil palm 
and avocado – oil accumulates principally in the mesocarp at 
low rate, over a long period (100 to 140 days). Thus, it is 
possible that greater opportunities for recovery to normal 
values after a high-temperature event might exist in olives 
[51].  
 A similar trend towards declining oil concentration was 
seen under salinity and heat stress, for which only a few stud-
ies reported increases or no effects on lipid concentrations 
[39]. In contrast, ozone stress seemed to be an exception, as 
the available studies reported either no effect, or even an in-
crease in lipid concentration [39]. 
 Temperature effects on seed growth [56] are well docu-
mented in annual crops, including oil-seed species. Seed oil 
concentration decreased in response to high temperatures 
during the period of oil synthesis [57]. Processes indirectly 
linked to oil synthesis such as photosynthesis or respiration 
could also be simultaneously modulating the oil concentra-
tion. Photosynthesis of both leaves and fruit are likely nega-
tively affected by exposure to high temperatures. Increases in 
leaf temperature above 32oC in growth chambers resulted in 
a decline in photosynthetic rate [58]. The high temperature 
stress decreases the duration of seed filling period via accel-
erated leaf senescence, and consequently oil accumulation is 
stopped before fulfilling seed oil capacity, when the seed is 
ready for desiccation.  
 The environmental stresses not only change the oil con-
tents of oil crops but also affect oil composition [39]. A gen-
eral trend indicated an increase in the saturation level of the 
oil fraction due to various abiotic stresses has been reported 
[39]. The proportion of polyunsaturated FAs (PUFA) in soy-
bean oil dropped considerably under heat stress [59]. The 
same pattern was observed under drought stress in the oil frac-
tions of sunflower [60], groundnut [61] and sage [62]; and 
under salt stress in sunflower [63], olive [64], cotton [65], sage 
[66], and coriander [67]. These decreases in PUFA (especially 
linoleic acid, C18:2) were consistently accompanied by in-
creases in the proportion of oleic acid (C18:1) [63, 65, 66]. 
 FA composition varies depending on the timing of the 
high temperature event. For example, in sunflower [57], 
when high temperature was applied during the final portion 
of oil accumulation phase, the proportion of C18:1 increased 
while that of C18:2 decreased. In soybean, as well as in sun-
flower, lower latitudes leading to the increase of temperature 
have been associated with high C18:1 oils [65, 66]. A high 
C18:1 concentration in sunflower was shown to be associ-
ated with increased temperature also when heat was applied 
to the plants as an experimental factor [68]. In addition, it 
has been demonstrated that the differences in night tempera-
tures are better indicator of the changes in FA composition 
than daily average temperatures in annual oil-seed crops 
(sunflower: [69, 70]; soybean: [71]).  

 The observed changes in FA composition are believed to 
be a result of the activity of enzymes involved in lipid syn-
thesis and conversion [60, 72]. FA synthesis in oil seeds 
starts its early steps in the plastids and then C18:1 as the 
main product of plastidal lipid synthesis is exported to the 
cytosol. The enzyme activity in which oleate desaturase 
(OD) moderates the cytosolic desaturation of C18:1 to form 
PUFA (i.e. C18:2) is believed as an explanation for shifts in 
C18:1/C18:2 ratio in several crops under various types of 
stress, including: salinity, drought, and heat [63, 73]. A nu-
merous studies have demonstrated the temperature depend-
ence of this enzyme [74, 75]. In sunflower, the highest OD 
activity was observed at 20oC and its activity dropped con-
siderably at higher temperatures. In contrast in safflower OD 
was more heat stable and maintained its full activity up to 
30oC. Two factors including (i) the heat stability of the en-
zyme, and (ii) the effects of temperature on the internal oxy-
gen concentration of seeds, which is a key regulator of OD 
activity [75] have been proposed in order to explain this 
temperature-dependent decline in enzyme activity. Besides 
enzymatic desaturation of FAs, transport of plastidal FAs to 
the cytosol is potentially affected by environmental stresses 
[60]. 

2.3.2. Effect of Abiotic Stresses On Protein 

 It is generally considered that the common stress factors 
including drought, heat and tropospheric ozone result in an 
increased protein concentration in wheat grains and soybean 
seeds [39]. It has been previously suggested in many reports 
that the common negative effect of stress on dry matter ac-
cumulation, content of oil, starch and other residuals, can 
ultimately lead to the relatively higher protein concentration. 
Studies found that in most cases the nitrogen harvest index, 
which represents the proportion of nitrogen contained in the 
grain relative to the total above-ground nitrogen content, was 
less affected under abiotic stresses than dry matter harvest 
index, which results in increase of nitrogen concentration in 
the harvested fractions of crops [76, 77].  
 Pleijel et al. [78] reported a negative linear correlation 
between grain yield and grain protein concentration in wheat 
exposed to different concentrations of ozone and carbon di-
oxide across different countries. Using meta-analysis, Ro-
tundo and Westgate [79] analyzed the environmental effects 
on metabolite contents and concentrations in soybean seeds. 
They concluded that the increase in protein level did not 
necessarily result from a stimulation of protein synthesis, but 
rather from a concentration effect due to reduced biomass 
production under stress. Similarly, Singh et al. [80] grew two 
soybean varieties under elevated ozone to evaluate yield re-
duction. They reported that the yield reduction can be mainly 
attributed to the reduction in weight of the seeds. Zhang et
al. [81] reported that ozone causes the reduction of soybean 
seed yield via decreased photosynthetic rates and this effect 
is greater in the seed filling stage than the flowering stage. 
Additionally, an increase in protein concentration was con-
sistently associated with a decrease in grain yield of wheat 
when water deficit occurred throughout the growing season 
[82].
 Another common response of plants to environmental 
stress is accelerated leaf senescence accompanied by short-
ened grain development period [83, 84]. In order to compen-
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sate for the decrease in seed filling duration and reduced 
nitrogen uptake from soil under stress conditions, remobili-
zation of nitrogen from vegetative tissues, and amino acids 
derived from the protein degradation is enabled [85]. As a 
result of this remobilization, protein synthesis is less affected 
by stress factors than other components [79]. The adverse 
growing conditions that promote leaf senescence during 
grain filling tend to favor protein deposition over starch ac-
cumulation in the grain, because the production and translo-
cation of carbohydrates to the grain is more sensitive to envi-
ronmental stresses than protein accumulation [86, 87]. In a 
number of studies, grain starch concentration under stress 
conditions was reduced because of a shortened duration of 
starch accumulation [88, 89], or an inhibition of key 
enzymes involved in starch synthesis [89].  
 In fact, the synthesis of all the major seed components 
(protein, oil and residuals) is inhibited during water or heat 
stress, but the accumulation of individual components is not 
obstructed to the same extent [79]. The negative impact was 
more pronounced on oil and residuals than on protein, which 
resulted in a significant increase in protein concentration. 
Therefore the changes in seed protein concentration could be 
explained largely by a simple concentration effect [39].  
 In summary, environmental stress effects on seed devel-
opment include: increased flower abortion, shortened em-
bryogenesis and seed filling duration, accelerated leaf senes-
cence and reduced photosynthetic rate. Shortened embryo-
genesis could lead to a limited number of cells in cotyledons 
where the nutrients can accumulate. Cotyledon cell number, 
along with the cell volume, is one of two major components 
determining seed size. On the other hand, if the seed filling 
duration is shortened, there would be less time for protein, 
oil and other compounds accumulation. This would lead to 
the reduction in cell volume, and subsequently, to a smaller 
seed size. Contributing in the loss of grain yield, the effects 
of stresses on the increase of flower abortion could cause the 
reduction of number of pods per plant and number of seed 
per plant and lead to a sink limitation. Finally, stress re-
sponses via acceleration of leaf senescence and reduction of 
photosynthesis or respiration rates could result in shortened 
seed maturation and may lead to a limited source for the 
supply of assimilates to the developing seed.  

3. FATTY ACID ACCUMULATION AND COMPOSI-
TION IN SEED DEVELOPMENT 

3.1. Fatty Acid Biosynthesis 

 The biosynthesis of seed storage oils containing the five 
major FAs occurs primarily in two subcellular compart-
ments. FA biosynthesis occurs in the plastid of cells and in-
volves the cyclic condensation of two-carbon units in which 
acetyl coenzyme A (acetyl-CoA) is the precursor. When con-
jugated to the acyl carrier protein (ACP), the FA chain is 
referred to as acyl-ACP. The first committed step in the 
pathway is the synthesis of malonyl-CoA from acetyl-CoA 
and CO2 by the enzyme acetyl-CoA carboxylase [90, 91]. In 
the following step, some 16:0-ACP is released from the FA 
synthase machinery, but most molecules that are elongated 
to 18:0-ACP are efficiently converted to 18:1-ACP by a de-
saturase enzyme (Fig. 3).  

(Fig. 3) depicts the biosynthesis of the five common FAs 
present in the oil of annual oil crops and the main enzyme 
steps involved. The first three FAs (C16:0, C18:0 and C18:1) 
are produced by de novo synthesis and desaturation in the 
plastids [91]. Elongation and desaturation are carried out 
while the FAs are attached to an acyl carrier protein (ACP). 
After removal of the ACP group by acyl-ACP thioesterases 
(FatA or FatB), the FAs are exported from the plastid and 
incorporated into the cytosolic acyl-CoA by the action of an 
acyl-CoA synthetase (ACS). 18:1 is then acylated onto the 
membrane lipid phosphatidylcholine (PC), mainly by the 
action of the lysophosphatidylcholine acyltransferase 
(LPCAT) [91]. Further desaturations of the 18:1 to 18:2 and 
18:3 are catalysed by FA desaturase 2 (FAD2) and FAD3 
while the acyl substrates are acylated to PC. Storage TAGs 
are synthesized by the Kennedy pathway (Fig. 2) in develop-
ing seeds [91]. The enzymes involved are probably located 
in the endoplasmic reticulum (ER) and act by the sequential 
acylation of the sn-1, -2 and -3 positions of glycerol-3-
phosphate, with the removal of the phosphate group occur-
ring before the final acylation step. The distribution of acyl 
groups on the glycerol backbone is often non-random be-
cause of the substrate selectivity of the acyltransferases for 
different FAs [91]. In detail, TAGs can be formed through 
three sequential acyl-CoA-dependent acylations of the glyc-
erol backbone beginning with sn-glycerol-3-phosphate. The 
acylation of sn-glycerol-3-phosphate is catalyzed by acyl-
CoA:sn-glycerol-3-phosphate acyltransferase (GPAT). The 
second acylation is catalyzed by acyl-CoA:lyso-phosphatidic 
acid acyltransferase (LPAAT). After removal of the phos-
phate group to generate sn-1,2-diacylglycerol (sn-1,2-DAG), 
the final acyl-CoA-dependent acylation is catalyzed by acyl-
CoA:diacylglycerol acyltransferase (DGAT) to form TAG 
[90, 91]. 

3.2. Storage Lipid Accumulation 

 During soybean seed development, the rate of lipid bio-
synthesis per seed increases markedly, resulting in a mature 
seed containing 20 to 25% lipid on a seed dry weight basis at 
13% moisture. During the seed filling period, the rate of FA 
accumulation per seed increases by 10 to 20 fold. Most of 
the lipid in soybean seeds is stored in the cotyledons in the 
form of triglycerides packaged in specialized structures, of-
ten referred to as oil bodies or spherosomes [92]. These or-
ganelles consist of a TAG core surrounded by a phospholipid 
monolayer decorated with a number of different proteins. 
The most abundant of these are the oleosins, but others such 
as caleosins and steroleosins are also present [93]. Oleosins 
contain a hydrophic oil body–binding domain flanked by two 
amphipathic domains. Mutant analysis has confirmed that 
oleosins determine the size of oil bodies and, thereby, facili-
tate mobilization of the TAG storage reserves during seed 
germination by maximizing the surface-to-volume ratio of 
the oil bodies [94, 95]. Caleosins also appear to play a role in 
TAG mobilization during germination, possibly by facilitat-
ing interactions with vacuoles [96]. Steroleosins, in addition 
to an oil body–anchoring domain, possess a sterol-binding 
dehydrogenase that might play a role in signal transduction 
[97].  
 Soybean oil consists predominantly (96 – 98%) of 
TAGs with the FAs distributed among different molecular 
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Fig. (3). Fatty acid and triacylglycerol synthesis of the five common FAs in in soybean (adapted from [91] and [224]). Abbreviations: AB-
CAT, ABC acyl transporter; ACBP, acyl-CoA binding protein; ACP, acyl carrier protein; FAS, fatty acid synthase; FATA (B), fatty acyl 
thioesterase A (B); KAS, ketoacyl-ACP synthase; LACS, long-chain acyl-CoA synthetase; SAD, stearoyl-ACP desaturase. CCT, choline-
phosphate cytidylyltransferase; CHK, choline kinase; DAG, diacylglycerol; DAG-CPT, diacylglycerol cholinephosphotransferase; DAGTA, 
diacylglycerol transacylase; DGAT, acyl-CoA: diacylglycerol acyltransferase; DHAP, dihydroxyacetone phosphate; FAD2, oleate desaturase; 
FAD3, linoleate desaturase; G3P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate acyltransferase; GPDH, glycerol-3-phosphate dehydro-
genase; LPA,2-lysophosphatidic acid; LPAAT, 2-lysophosphatidic acid acyltransferase; LPC, 2-lysophosphatidylcholine; LPCAT, 2-
lysophosphatidylcholine acyltransferase; MAG, monoacylglycerol; MAGAT, monoacylglycerol acyltransferase; PA, phosphatidic acid;
PDAT, phospholipid:diacylglycerol acyltransferase; PDCT, phosphatidylcholine:diacylglycerol cholinephosphotransferase; PLA2, phosphol-
ipase A2; PP, phosphatidate phosphatase.
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species [38, 98]. The physical and chemical properties of 
TAG generally reflect that expected from the FA composi-
tion including chain length, degree of unsaturation and 
branching of the chain, and FA distribution in TAG mole-
cules, for instances TAG melting behavior or oxidation sta-
bility [99, 100]. TAG rich in long-chain (from C16) and 
saturated acids are high melting, and those rich in polyun-
saturated acid are lower melting. Owing to the distribution of 
FAs in TAG molecules as well as the difference in TAG 
composition, the melting behavior could be more complicat-
edly to determine. Because of the high proportion of polyun-
saturated FAs, soybean oil is considerably low oxidative 
stability that limits the uses of soybean oil in food products 
and industrial applications [101]. Although enhancing the 
oxidative stability of oils for food applications has been ad-
dressed historically through partial hydrogenation, this ap-
proach to the enhancement of oxidative stability will have a 
negative impact on the cold flow properties of biodiesel 
[101]. However, a very good compromise can be reached by 
developing an oil high in the mono-unsaturated fatty acids, 
such as C18:1 or C16:1 and low in both saturated and poly-
unsaturated FAs, thereby simultaneously improving oxida-
tive stability whilst augmenting cold flow [99, 101]. 

3.3. Manipulation of the Levels of the Five Common 
Fatty Acids Using Genetic Techniques 

 All the genes involved in biosynthesis of the five com-
mon FAs are known, and a number of acyltransferase genes 
that are putative candidates for the reactions leading to the 
synthesis of TAG with these five FAs have been cloned. 
Most domesticated oilseed crops have been successfully 
modified through either breeding or genetic engineering ap-
proaches to optimize the ratio of endogenous FAs in the 
storage oil for specific end uses [102]. For example, suppres-
sion of the oleate D12-desaturase gene (which normally con-
verts C18:1 to C18:2) in soybean, sunflower, cotton and 
canola has resulted in the production of oils with a high 
C18:1 content, which have greater oxidative stability and 
improved performance in high-temperature cooking applica-
tions. Oils with a high C18:1 content are also desired by the 
chemical industry, as C18:1 can be used in a variety of ap-
plications including detergents, soaps, lubricants, cosmetics 
and emulsifying agents, and as a source of C9 monomers for 
plastics [103]. Buhr et al. [104] described the development 
of transgenic soybean events in which the expression of 
FAD2-1 and FatB was simultaneously down-regulated in a 
seed-specific fashion, thereby generating soybean oil with a 
reduced content of C16:0 (< 5%) and significantly increased 
C18:1 (> 85%). Recently, Pham et al. [4, 37] have found 
mutant alleles of FAD2-1A and FAD2-1B in their soybean 
plant introduction (PI) collections. The non-transgenic soy-
bean lines carrying both homozygous mutant FAD2-1A al-
leles and mutant FAD2-1B alleles have an average of 82-
86% C18:1 content, as opposed to 20% in conventional soy-
bean. They also have low levels of C18:2 and C18:3 [4, 37]. 
On the other hand, up-regulating the ER oleoyl and linoleoyl 
desaturases by over-expressing these genes in oil seeds has 
led to substantial increases in PUFAs in the oil. A striking 
example of this is the overexpression of a fungal bifunctional 
�12 and �15 desaturase in soybean, resulting in somatic em-
bryo oils with over 70% of C18:3, compared to 19% in the 
wild type [105].  

 The amount of the saturated C16:0 in the oil is mainly 
controlled by the balance of activities between two key plas-
tidic enzymes, namely ketoacyl-ACP synthase (KAS) II and 
the FatB thioesterase. By overexpression of a palmitoyl spe-
cific FatB, an increase in C16:0 in rape seed from 6% to 
34% was achieved [106]. In cottonseed, an increase of C16:0 
from 27% to 77% was obtained by RNAi silencing of KASII 
[107]. The level of stearic acid is controlled by the activity of 
the stearoyl-ACP desaturase in combination with the activity 
of the acyl-ACP thioesterases acting on 18:0-ACP. Down-
regulating the stearoyl-ACP desaturase or the silencing of 
the gene encoding for stearoyl-ACP desaturase led to an in-
crease of C18:0 in rape seed and turnip rape oil from 2% to 
40% [108, 109]. 
 FA profiles appeared in membrane lipids and different 
lipid storage forms are controlled by soluble and membrane-
bound enzyme activities which are mutually expressed by 
means of the cooperation between plastids and the extraplas-
tidial compartments [102]. The two common FAs (C16:0 
and C18:1) derived from lipid biosynthesis are necessary for 
membrane lipids. In addition, it should be noted that the bio-
synthesis of TAGs and membrane lipids share DAG as a 
common precursor. As a result, corresponding FA changes 
as engineered in the oil will occur in the membrane lipids of 
the seed and might affect overall membrane functioning. A 
complete absence of PUFAs might have deleterious effects 
in the seed and the manipulation of C16:0 and C18:0 levels 
in the oil. This will cause similar changes in the extraplas-
tidic membrane lipids. Due to the high melting point of these 
FAs, the membrane lipids will crystallize and cause collapse 
of cell metabolism if the levels are too high [1]. In addition, 
all the genes involved in biosynthesis of the five common 
FAs are known and have been cloned; however, there is a 
very limited knowledge about the involvement of these 
genes in TAG synthesis in vivo [91]. Consequently, besides 
continuing to improve these limitations, a focus should be to 
find more efficient approaches for the optimization of FAs 
and TAG compositions accompanying increases in crop 
yields. Most soybean oils are processed either for nutritive 
uses or industrial purposes. Industrial processing requires dif-
ferent compositions of FA in soybean oil. It means that some 
of these FA are more desirable than others. The alteration of 
FA profiles in soybean to improve oil quality is an important 
and evolving theme in soybean research to meet nutritional 
needs and industrial criteria in the modern market [4, 110]. 
The oil profile modification approach has led to great interest 
into regulatory activity during seed maturation and seed de-
velopment, as a whole. Potential regulators of embryo matura-
tion have been identified by determining which conditions or 
metabolites are present in seeds at these stages and testing 
their functional significance by physiological and genetic as-
says.  
 All of the known hormone groups participate in some 
aspects of seed development. Early embryos require auxin 
transport and signaling to mediate pattern formation, 
whereas GAs and CK are most important for nutritive effects 
and general growth promotion at that stage. ABA is impor-
tant for inducing the transition from growth by cell division 
to cell enlargement during maturation. Seed maturation is 
subject to overlapping control mechanisms, only some of 
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which are ABA-dependent. Many of the mediators of hor-
monal signaling during seed development are transcription 
factors showing complex patterns of cross-regulation, with 
evidence for both hierarchical and combinatorial interactions 
[6]. Many of these transcription factors are members of fami-
lies with partially redundant, and sometimes antagonistic 
function. In fact, the oil accumulation of soybean or other oil 
crops takes place during seed maturation which is highly 
regulated by means of the endogenous plant hormones. It 
seems an oversight that lipid and FA production has been 
looked at separately from plant hormone metabolism in 
seeds, even though their activities take place during the same 
periods. Thus, the potential interaction between lipid produc-
tion and plant hormone activity during the seed maturation is 
an area with great scientific and industrial potential. For ex-
ample, while the activities of plant hormones during the re-
productive phase have been partially clarified in seed physi-
ology, one should ask, what is the biological role of plant 
hormones in oil accumulation during the seed maturation? 
Remarkably, plant hormones have critical roles in the regula-
tion and promotion of a plethora of processes in plant growth 
and development; therefore, we postulate that the endoge-
nous plant hormones play an important role in FA-TAG 
composition and their accumulation in soybean seeds.  

4. PHYTOHORMONE METABOLISM 

 All of the known hormone groups participate in some 
aspects of seed development. Early embryos require auxin 
transport and signaling to mediate pattern formation of the 
embryo, whereas GAs along with CKs are the most impor-
tant for nutritive effects and general growth promotion at 
that stage. CKs are also in charge of cell division promotion 
during the early embryogenesis. In the latter stages of seed 
development, ABA and sucrose trigger seed maturation 
[111] to start dry matter accumulation in the seed. Later 
ABA interacts with GAs to start seed desiccation and induce 
seed dormancy [6]. ABA also enhances the seed storage of 
protein [35], while CKs and brassinosteroids (BRs) partici-
pate in the promotion of the seed filling process [112, 113]. 
In this review, FA production during seed development and 
its interaction with phytohormone metabolism are the main 
focus. In all these important hormones, CKs and ABA exten-
sively involve in seed development. Therefore, we will 
mainly discuss these two hormones in the following parts in 
order to postulate a potential biological role of endogenous 
hormones in oil accumulation during the seed maturation.  

4.1. Cytokinins 

 More than a half century ago, Skoog and his collabora-
tors purified and crystallized a compound that strongly 
stimulated cell proliferation from autoclaved herring sperm 
DNA extracts [114, 115]. This growth regulating substance 
is known as Kinetin. Originally the name CK was a generic 
name for kinetin-like substances which promote cell division 
and exerts other growth regulatory effects [114, 115]. The 
compounds we now refer to as CKs, have been established 
as a prominent part of seed development research. The first 
naturally occurring CK was isolated from immature maize 
endosperm and termed Zeatin (trans-zeatin, tZ) and it was 
implicated as a key factor in seed development [116]. Subse-
quently, high CK biosynthetic activity was found to take 

place not only in the roots, but also shoot meristems, and 
developing seeds [117]. Over the years, many types and 
forms of CKs have been described and they have been iso-
lated from an array or organisms including: plants, fungi, 
bacteria, and algae [118]. These phytohormones have been 
shown to play a crucial role in the beginning of a plant life 
cycle by regulating the proliferation and differentiation of 
plant cells [119], but they are also involved in many aspects 
of growth including: the balancing of nutrient source and 
sink relationships [120, 121], control of shoot/root invest-
ment [122], transduction of nutritional signals [123], de-
crease of flower and seed abortion and enhancement of seed 
filling [124], increased crop productivity [113, 124], and 
delayed senescence [119]. 

4.1.1. The Role of Cytokinins in Seed Development Proc-
esses 

 The synthesis of CKs is strongly influenced by the 
isopentenyltransferase (IPT) gene family. The IPT catalytic 
enzyme (Fig. 4) initiates the synthesis of CKs and plays a 
major role in controlling CK levels in plant tissues [125-
127]. The IPT gene was first characterized in Agrobacterium 
tumefaciens, a crown gall-forming bacterium [128]. In the 
subsequent studies, IPT genes were identified in many dif-
ferent plants such as: Arabidopsis [129, 130], petunia [131], 
maize, and hops [132]. In soybean, the first three IPT genes 
discovered, were GmIPT1, GmIPT2, GmIPT3 [133, 134]. 
Their discovery was enabled by the sequencing of the whole 
soybean genome [135]. To date, 14 putative IPT genes num-
bered from GmIPT1 to GmIPT14 have been discovered 
[136]. Since the discovery of the CK biosynthesis IPT en-
zyme, a reverse role catalyst, CK oxidase/dehydrogenase 
(CKX), was shown to cause the irreversible degradation of 
CKs [137, 138]. These gene families appear to mechanisti-
cally control CK levels throughout much of the plant. CK 
levels in different tissues are regulated by CK oxi-
dase/dehydrogenase (CKX) enzymes, which preferentially 
cleave isoprenoid CKs, (aromatic CKs are degraded with 
lower reaction rates) [139]. The enzymes are encoded by a 
multigene family of CKX genes that catalyze the irreversible 
degradation of the CKs in a single enzymatic step by oxida-
tive side chain cleavage [138]. This gene family has been 
characterized in the model plant Arabidopsis thaliana [120], 
and some cereals such as: rice [113], maize [140, 141], 
wheat and barley [142]. After the entire soybean genome 
sequence was introduced [135], Tran and his group [136] 
have identified 17 putative CKX genes in soybean. The dis-
tinct expression profiles of the various genes and the subcel-
lular localizations of these gene products suggest specialized 
functions adapted specifically to certain organs [143]. The 
proteins encoded by the CKX family can largely differ in 
their biochemical properties, including their particular sub-
strate affinity for different CKs [139]. Generally the biologi-
cally activity of CKs is controlled by a balance of synthesis, 
catabolism, inactivation of conjugations [125, 144], CK sig-
naling [145], and CK activation [146].  
 CK metabolites and CKX activity have been studied ex-
tensively during rice development, with the ultimate goal of 
manipulating yield [113]. Within the early stages of embry-
onic development of cereals, there is a narrow period during 
which CK content rises and, after which, it rapidly declines.
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Fig. (4). Proposed cytokinin biosynthesis and metabolic pathways in Arabidopsis with numbers representing enzymes responsible for the 
illustrated conversions: (1) phosphatase, (2) 5’-ribonucleotide phosphohydrolase, (3) adenosine kinase, (4) adenosine nucleosidase, (5) purine
nucleoside phosphorylase, (6) adenine phosphoribosyltransferase, (7) cis-trans isomerase, (8) zeatin reductase, (9) cis-hydroxylase, (10) LOG 
phosphoribohydrolase (Modified from [125, 126, 146, 225]). Abbreviations: HMBDP: (E)-4-hydroxy- 3-methyl-but-2-enyl diphosphate; 
DMAPP: Dimethylallyl pyrophosphate; MEP: Methylerythritol phosphate pathway; MVA: the mevalonate pathway; CYP735A: CK trans-
hydroxylase; iP: Isopentenyladenine; Z: trans Zeatin; cZ: cis Zeatin; DZ: Dihydrozeatin; [9R] iP: Isopentenyladenosine; [9R]Z: trans Zeatin 
riboside; [9R]Z: cis Zeatin riboside, (cis; [9R]DZ: Dihydrozeatin riboside; [9R-NT]iP: Isopentenyladenosine monophosphate; [9R-NT]Z: 
trans Zeatin riboside monophosphate; [9R-NT] Z: cis Zeatin riboside monophosphate, (cis); [9R-NT]DZ: Dihydrozeatin riboside monophos-
phate; Ado: Adenosine; Ade: Adenine; AMP: Adenosine monophosphate; ADP: Adenosine diphosphates; ATP: Adenosine triphosphates.
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The decline in CK level is accompanied by an increase in 
CKX activity. Consequently seed filling, eventual seed size 
and yield are enhanced by both maintaining a higher level of 
CKs by lowering the level of CKX activity [24, 113, 124]. 

 Disruption of CKX3 and CKX5 genes in Arabidopsis re-
sulted in higher CK levels, which subsequently led to: larger 
inflorescences and floral meristems, increased size of the 
WUSCHEL expression domain, supernumerary ovules and 
increased seed yield of the ckx3/ckx5 double mutant [24, 124]. 
This suggested that more beneficial phenotypes resulted from 
an overabundance of CKs which brought about increased seed 
yield and decreased abortion rates.  

 In many instances, agriculturally important traits are 
regulated by quantitative trait loci (QTL) or traits controlled 
by multiple genes. Research involving isolation and deletion 
of the OsCKX2 gene from a QTL in different cultivars of 
rice (Oryza sativa, Os), allowed for altered expression of CK 
oxidase activity. A null mutation or partial expression of 
OsCKX2 enhanced the size of inflorescence meristems and 
increased the number of reproductive organs, resulting in 
greater overall grain yield [113]. A similar effect on plant 
productivity was obtained in barley (Hordeum vulgare, Hv) 
with the silencing of the HvCKX1 gene [24]. This decreased 
the CKX enzyme activity and led to higher plant yield. Addi-
tionally, these traits were associated with a greater root mass. 
These cases underline, once more, the importance of CKs in 
developmental processes. Likewise, the addition of Zeatin 
had a positive effect on the expression of genes that encode 
cell wall invertases and hexose transporters [147, 148]. In-
creased activity of sugar-associated proteins is essential for 
the mobilization and flow of the nutrients to the storage or-
gans [149]. Further studies into this phenomenon showed 
that two out of the three studied rice cell wall invertases are 
strongly expressed in the aleurone layer and chalazal vascu-
lature during the seed filling stage [150]. Thus, the reduced 
ability HvCKX in the regulatory aleurone layer of the filling 
grains [151] could lead to an increased concentration of CKs 
with a direct enhancement on the activity of the cell wall 
invertases and hexose transporters. The increased flow of 
sucrose through the aleurone layer then results in higher 
starch accumulation in the endosperm [24]. 

 These strong lines of evidence leave no doubt that CKs 
play a critical role in the development of reproductive organs 
and seed yields [136]. Therefore, to gain greater insight into 
the CK metabolism in reproductive organs, authors [136] 
have analysed the expression of CK metabolic genes in 
flowers, full pods and R5 seeds. Their results shed a lot of 
light into the specific involvement of the 14 putative GmIPT 
and 17 GmCKX genes in the functional reproductive proc-
ess. Findings indicate that GmIPT02 is ubiquitously ex-
pressed in all three reproductive tissues examined while five 
other GmIPTs (GmIPT03, 05, 08, 10 and 12) were not de-
tected, implicating they played no role. GmIPT02 was the 
major transcript in flowers, GmIPT01 and 02 were expressed 
in the greatest abundance in full pods, while GmIPT01, 02 
and 11 were the most abundant transcripts in R5 seeds. The 
variation in the GmIPT transcript levels in flowers, pods and 
R5 seeds suggested that each of these organs require differ-
ent GmIPT genes, or combinations thereof, for CK biosyn-

thesis. GmIPT02 and GmIPT11 may play more important 
roles in flowers and R5 seeds, respectively, while GmIPT01 
and 02 appear to be equally important in full pods, based on 
their transcription levels. The expression levels of GmCKX 
genes were also determined in flowers, pods and R5 seeds. 
In flowers, five GmCKX mRNAs were dominant, including 
GmCKX04, 07, 08, 12 and 16. In contrast to the situation in 
flowers, GmCKX08 transcript was in highest abundance in 
pods. In R5 seeds, GmCKX08 was still the most highly 
abundant transcript, while the second most abundant was 
GmCKX16. Meanwhile, the expression of 9 of 17 GmCKXs 
had either very low levels detected or were not detected in 
the three reproductive tissues. GmCKX13 was highly ex-
pressed in various vegetative tissues. These data suggested 
that GmCKX08 is perhaps the key regulator of CK levels in 
reproductive organs. On the other hand, in flower tissues, the 
concerted actions of at least five GmCKXs are required for 
maintaining CK homeostasis [136]. These results are quite 
interesting and consistent with observed morphological pat-
terns.  

4.1.2. CK and Drought Tolerance 

 It is well known that CKs control many aspects of plant 
growth, development, and the responses of plants to abiotic 
and biotic stresses [121]. They prevent senescence [152] 
which is important considering that rapid, premature leaf 
senescence and death often occurs when water is limited 
during the grain-filling period. Genotypes possessing a stay-
green phenotype and more photosynthetically active traits 
which lead to stress tolerance, have been shown to contain 
elevated levels of CKs in xylem sap [153]. A significant 
amount of evidence indicates that appropriate manipulation 
of CK levels may enhance tolerance to drought stress [154-
156]. On one end of the CK spectrum, a reduction of CK 
levels by the transgenic overexpression of CKX genes in 
roots promotes primary root elongation and root branching, 
resulting in an increase in root biomass for improvement of 
drought tolerance [136, 157]. At the other end, drought stress 
has been shown to accelerate leaf senescence, which is 
associated with a decrease in CK content and suppression of 
CK signaling [119, 158, 159]. But an overproduction of CKs 
during plant maturation, just prior to the onset of senescence, 
significantly increased drought tolerance with minimal yield 
loss due to the delay of drought-induced senescence associ-
ated with this pre-programmed increase in CK levels [156, 
160, 161].  
 Analogously, transgenic cassava plants over-expressing 
CKs show significant drought tolerance as a result of stay-
green capacity under stress [162]. The CK biosynthesis gene 
IPT, has now been over-expressed in several plant species 
under different promoters, and the resulting transgenic plants 
have demonstrated improved stress tolerance [163], includ-
ing field analyses [121, 161, 164]. The localized expression 
in tobacco (Nicotiana tabacum) of a promoter-less IPT, en-
hanced the local sink strength and quickly mobilized nutri-
ents to the tissues with elevated CKs [165]. Changes in 
source – sink relationships were also observed in CK–
deficient tobacco shoots and roots [166]. Elevated CK levels 
enhanced the survival of plants under water-stress conditions 
[156]. The overexpression of IPT under the control of senes-
cence associated receptor kinase (SARK; a maturation and 
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stress-induced promoter) improved the drought tolerance of 
both eudicots [156, 161] and monocots [154]. During the 
reproductive stages (pre- and post-anthesis) and after a wa-
ter-stress episode, the transgenic PSARK::IPT rice plants dis-
played higher grain yield than the wild type [154]. The 
transgenic PSARK::IPT rice exhibited a differential expression 
of the genes encoding enzymes associated with hormone 
synthesis and hormone-regulated pathways. These results 
suggested that the modification of source/sink relationships 
was induced by the changes in hormone homeostasis in the 
transgenic plants, resulting in higher grain yields under stress 
conditions [154]. Plant hormones affect, either directly or 
indirectly, these pathways and appear to be acting antagonis-
tically or synergistically when responding to environmental 
stress [164].  
 Under drought stress, total plant CK content decreases, 
and this reduction in CKs stimulates the plants to over-
produce ABA [167], inducing stomata closure and inhibiting 
photosynthesis [168]. This CK – ABA relationship has been 
reviewed in many models. Such findings suggest, stress-
induced CK synthesis, driven by a stress-induced promoter, 
protected against the deleterious effects of water deficit on 
the photosynthetic apparatus, allowing higher photosynthetic 
rates and higher yields after water deficit in tobacco [160]
and cotton (Gossypium hirsutum) plants grown in the green-
house [169] and peanut (Arachis hypogaea) plants grown 
under field conditions [161].  

4.1.3. Cytokinin and the Modification of FA Profile in 
Seeds 

 Seeds are a rich source of CKs. The first natural occur-
ring CK was detected within seeds, and the highest levels of 
CKs documented to date have been found in seeds [23]. 
This, in itself spurs efforts to investigate the role of these 
hormones and their biochemical pathways during seed de-
velopment and maturation. In soybean and other legumes, 
maturation is a critical time when the ultimate market value 
is established via nutrients, FAs/oils and other dry matter 
accumulations. Almost a half century ago, research began to 
investigate the possibility of a link between hormone regula-
tion and FAs/oils synthesis in plant tissues, It was in the 
1970s, when several reports [170-172] stated that the synthe-
sis of lipids in leaves was promoted by kinetin. In 1974 Ul-
rich and Roland`s study was conducted that found kinetin 
inhibited the degradation of FAs in spinach chloroplasts. 
Furthermore, treatment of spinach leaves with kinetin and 
zeatin for a period of four weeks led to an increase in C18:3 
and a decrease of C16:0 [172]. A similar study was con-
ducted on soybean callus resulting in congruent findings 
[171].  
 To the best of our knowledge, and surprisingly, the po-
tential link between CKs and FAs has not been strongly pur-
sued. More recently the investigation has been rekindled. For 
example, the incentive for enhanced seed filling [124] and 
increased crop productivity [113, 124] was the impetus for a 
CK manipulation through the use of an IPT gene coupled 
with over-expression of the KASHIII enzyme. This resulted 
in modification of the FA profile of tobacco plants [173] 
which raised the interest, once again, about the role of hor-
mones in FA/oil synthesis.  

 These above studies have shown there is a real possibility 
in manipulating FA biosynthesis in soybean using the appli-
cation of exogenous or manipulation of endogenous plant 
hormones and we speculate that CK plays a crucial role in 
FA composition.  

4.2. ABA Metabolism in Seed Development 

 ABA was discovered by three independent research 
groups [174]. It was called as “abscisin” as well as “dormin” 
and later was relabelled “abscisic acid” and the abbreviation 
“ABA” was agreed at the Sixth International Congress on 
the Plant Growth Substances in 1967 [175]. ABA belongs to 
a class of metabolites known as isoprenoids, also called ter-
penoids [35]. ABA occurs in all higher plants, ferns, mosses, 
liverworts, and algae. As the result of the universal distribu-
tion in the plant kingdom and many physiological studies, 
ABA has been classified as a plant hormone [174]. ABA 
regulates many physiological processes including: germina-
tion, growth, flowering, seed maturation, senescence, ABA 
is also implicated in adaptation to various environmental 
stresses such as: water deficiency, low temperature, and 
freezing [35, 176]. Exogenous ABA shows unique activities 
in plants, which reflect its physiological role as a hormone.  

 Seeds are rich in ABA which may be imported from the 
leaves or in situ [177]. During seed development, ABA has a 
triple role in the entire embryo growth, as deduced from the 
physiological analysis of ABA-deficient mutants. In early 
embryogenesis, ABA can act as a promoter to prevent seed 
abortion and promote embryo growth [18, 30]. ABA is very 
active and classically associated with seed maturation in or-
der to control seed filling and promote the synthesis of seed 
proteins. ABA stimulates dormancy and inhibits germination 
in the matured seeds by positively regulating its own levels 
and down-regulating GA synthesis [35, 36]. In the early 
stages of embryogenesis, ABA content is quite high. After 
the first stage (R1), its level goes down from R2 to R4 before 
finally increasing and reaching its peak at R5 in 10 tested 
soybean varieties (K Coates, N Emery unpublished data). 
ABA is associated with seed maturation and control of seed 
filling. In addition to protein synthesis promotion, there is 
significant evidence derived from exogenous ABA treat-
ments which suggest that ABA also plays an important role 
in FA accumulation during seed maturation.  
 Studies with microspore-derived embryos of rapeseed 
have shown that oil synthesis was stimulated by 50% with 
the addition of ABA to the incubation medium. The exoge-
nous ABA induced expression of oleosin, and FA elongase 
genes, and increased the accumulation of TAGs and mono-
unsaturated FAs including eicosenoic acid (C20:1) and eru-
cic acid (C22:1) [178]. Furthermore, preliminary studies 
with Arabidopsis mutants, which are both ABA synthesis-
deficient and ABA-insensitive, have shown that these mu-
tants accumulate considerably less lipids than the wild type 
[179, 180]. In vitro model systems, such as cell-suspension 
cultures of carrot and somatic embryos of carrot [181] or 
white spruce [182] have shown that the deposition of storage 
lipids is favored by the presence of ABA and/or by high os-
moticum. The application of exogenous ABA or high os-
moticum has been found to promote the accumulation of 
seed specific storage lipids containing C20:1 and C22:1 in 
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developing zygotic embryos of rape cultured in vitro [183]. 
Moreover, cultured embryos accumulated significantly less 
C18:1 and had higher levels of C18:3 than embryos that re-
mained on the plant, regardless of exogenous ABA levels 
[183]. This shows a crucial function of exogenous ABA in 
enhancing FA biosynthesis in Arabidopsis, white spruce or 
rape. Recently ABA was shown to have a significant effect 
on the increase of lipid production of a microalga known as 
Chlamydomonas reinhardtii [184]. All these earlier promis-
ing results further inspire the effort to clarify the role of en-
dogenous ABA in FA biosynthesis in soybean seeds.  

4.2.1. Sucrose-ABA Interaction: A Trigger of Seed Matura-
tion 

 The transition of embryos into the maturation phase is 
triggered by both sugars and ABA and their interactions. 
Sugar responses are linked to those of ABA [13, 111]. Alter-
natively, ABA could enhance the ability to respond to sugar 
signals [185]. Transcript levels of ABA biosynthesis genes 
in Arabidopsis leaves are raised by low concentrations of 
glucose, indicating a nutritional control on ABA biosynthesis 
[186]. In addition, certain stress conditions can play a role. 
Sucrose has a dual function as transport and nutrient sugar 
and as a signal molecule triggering storage-associated proc-
esses [187, 188]. Several lines of evidence suggest that su-
crose can induce storage-associated gene expression. Before 
maturation, young embryos contain moderately low levels of 
sucrose. At maturation actively elongating and starch-
accumulating cells contain the highest sucrose concentra-
tions, which are correlated with transcripts of storage-
associated enzymes [189, 190]. Sucrose acts at the transcrip-
tional level causing up-regulation of enzymes like sucrose 
synthase and adenosine diphosphoglucose pyrophosphory-
lase (ADPG-pyrophosphorylase) [215]. The genes for the 
enzymes sucrose-phosphate synthase (SPS) and phosphoe-
nolpyruvate carboxylase (PEPC) are repressed and induced, 
respectively, in response to sucrose [216]. In vitro sucrose 
feeding disrupts the meristematic state, induces cell expan-
sion and endopolyploidization in young explanted cotyle-
dons [191-193], and promotes cotyledonary storage activity 
at the transcript level [194, 195]. In legume seeds a switch of 
the principal sugars from hexoses to sucrose initiates embryo 
maturation. The switch could result in nutrient stress and/or 
energy limitation, which may stimulate ABA synthesis 
[196]. The data indicate that impaired storage metabolism in 
seeds and tubers is due to decreased sucrose levels rather 
than to hexose accumulation. Together, these findings sug-
gest that sucrose, together with ABA, signals the transition 
of embryo into the storage mode. Consequently, stimulation 
of lipid synthesis could be achieved by increased sucrose 
unloading which stimulates acetyl-CoA carboxylase (ACC), 
a starting enzyme in FA biosynthesis pathway [197].  

4.2.2. ABA Metabolism in Drought Stress 

 Exposure to environmental stresses, such as drought, 
causes adverse effects on the growth of plants and the pro-
duction of crops. It leads to the decrease of seed fill-
ing/maturation duration and, consequently, FA accumulation 
is reduced. ABA has long been recognized as a plant hor-
mone that is up-regulated in response to the soil water deficit 
around roots. Drought osmotically stresses the organisms, 
and this causes dehydration and inhibition of water uptake in 

plants. ABA accumulates under osmotic stress conditions 
and plays an important role in the stress response and toler-
ance of plants [6, 198]. It rapidly limits transpiration within 
hours or even minutes [199] through its well-known ability 
to induce stomatal closure by guard cell turgor and reduced 
leaf/canopy expansion to maintain water temporary in plants 
as a first response to the drought condition.  
 ABA has a reported involvement in another process by 
which a plant could escape drought stress. Adaptive ‘deeper’ 
root growth, and other aspects of architectural modification, 
under drought [200, 201] are activated by means of ABA 
signals. In addition, ABA-induced increases in hydraulic 
conductivity via improved aquaporin functioning and/or os-
motic regulation will tend to oppose stomatal closure in the 
long run, or indeed may fully overcome it [202, 203], poten-
tially leading to sustained growth under stress. However, if 
the plant could not successfully overcome the water deficit, 
ABA would trigger early leaf senescence which leads to a 
significant yield loss in soybean and other grain crops. 
Hence, manipulation of ABA signal via advance agricultural 
practices and genetic improvement breeding programs are 
become promising approaches to overcome drought or other 
abiotic stresses, and consequently improve crop yields with 
increased/sustained oil accumulation under stresses.  
 Advances in ABA signaling science have already al-
lowed refined development of crop management techniques 
for reducing irrigation input, exemplified by the form of 
deficit irrigation known as partial root-zone drying (PRD), 
which is practiced in parts of Southern Europe and China. 
The partial water deficit induced ABA signals from the dry 
root area and lead to a reduction in transpiration rate. As 
discussed above, ABA started to enhance the water “hunt-
ing” process with roots in plants to sustain yields under re-
duced irrigation. Other potential management techniques 
involving altered ABA signaling could include the use of 
relatively acidic foliar sprays to reduce stomatal ABA sensi-
tivity [36] or soil/seed inoculation with ABA producing or 
suppressing bacteria, and the search for these is fully active 
[204].  
 In another approach, breeding for changes in ABA biol-
ogy (increased concentration or perception) that increase 
field performance and yield in crop species has been attract-
ing a lot attention [205, 206]. The control of the expression 
of ABA signaling factors may improve tolerance to envi-
ronmental stresses. Several groups reported the transgenic 
plant overexpressing AREB/ABFs showed improved 
drought tolerance and yields under drought conditions [206-
208]. Engineering the constitutive over-expression of 
LeNCED1, an enzyme that catalyses a rate-limiting reaction 
in the synthesis of ABA in tomato, resulted in increased 
ABA accumulation and drought tolerance [205]. Drought-
inducible over-expression of the gene ABA3/LOS5 (integral 
to ABA biosynthesis) in field-grown rice resulted in signifi-
cantly increased yields [209]. Using numerous drought-
inducible promoters (from Arabidopsis) for increased plant 
ABA, also resulted in enhanced yield [210]. However, this 
approach remains a great challenge, because of the necessity 
for avoiding issues such as: inadvertent/concomitant reduc-
tions in carbon gain upon stomatal closure, ABA-induced 
reductions in seed germination, and ABA-induced pollen 
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sterility and abortion [211]. In addition to the complexities 
arising from opposing direct and indirect effects of ABA 
itself on stomatal aperture and shoot growth rates, other 
problems with breeding for manipulation of ABA biology 
can potentially arise through interactions between ABA and 
other hormones or signaling molecules, such as ethylene and 
CKs. In fact, the interactions of ABA signals with other hor-
mone signaling pathways were reviewed in Arabidopsis [28]. 
Other plant hormones such as CKs auxin, and ethylene, may 
alter the effectiveness of ABA to modify its target cells di-
rectly, or indirectly by altering its biosynthesis [36]. 

4.3. Nutrient Source and Sink Relationships in Seed De-
velopment and the Roles of Plant Hormones 

 Limitations to crop yields are frequently attributed to two 
factors: 1) the source of assimilates or 2) the sinks which are 
the sites of assimilate utilization. These divisions recognize 
the two major processes involved in the determination of seed 
yield: the assimilate supply in the leaves or roots and utiliza-
tion of those assimilates by the developing seeds.  
 Source – sink relationships also play an important role 
during embryogenesis [23, 117, 212-214]. In this process, a 
developed embryo with a constant number of cells has been 
set and this number will not change during embryo or seed 
maturation. It marks a sink limitation in seed filling since dry 
matter can only accumulate into the existing number of cells 
in a seed and at certain seed growth rates (SGR). Under ideal 
conditions, the nutrient source saturates cell demand and the 
sink sets a maximum potential number of cells in the embryo. 
In this case, the storage capacity is maximized, and the seed 
filling depend on the SGR which now becomes the major sink 
limitation. The SGR would vary among different soybean 
genotypes and when optimized a maximum grain yield could 
be achieved. The SGR is significantly impacted by cell signals 
such as hormones. For example ABA accompanied with su-
crose trigger seed maturation processes [111] to start dry mat-
ter accumulation in seed and seed desiccation. Later ABA 
interacts with GAs to put the seed into dormancy [6]. ABA 
also enhances the seed storage of protein [35], while CKs and 
brassinosteroids (BRs) participate in the promotion of the seed 
filling process [112, 113].  
 The duration of seed maturation and dry matter accumu-
lation is another important parameter in seed development 
that is affected by hormones. It shows a strong relationship 
with SGR and the availability of photosynthates. In an ideal 
growth condition, the assimilate supply – from photosynthe-
sis in leaves and in seeds could reach the optimum level and 
this will depend on the genotype. This highest assimilate 
level become a limitation if the assimilate demand exceeds 
what the plant could supply. For instance when a huge num-
ber of seeds is produced in a variety, its seed size is likely 
small because of the source limitation. The highest yielding 
soybean varieties would have a medium seed size, a large 
number of seeds, long lasting photosynthetically active foli-
age and a maximum SGR operating during the longest pos-
sible seed filling period.  
 Focusing on sources and sinks provides a simple two-
component model system; unfortunately, this type of analy-
sis does not always clearly identify the yield-limiting proc-
esses [214]. Modification of source activity of soybean dur-

ing flowering and pod set usually results in a corresponding 
change in pod and seed number, indicating a source limita-
tion. Increasing canopy photosynthesis by increasing levels 
of atmospheric CO2 [215] or irradiance [216] increases pod 
and seed number, while reducing photosynthesis by shading 
[217, 218] or defoliation [219] decreases pod and seed num-
ber. The effects of source-sink dynamics during seed filling, 
after pod and seed number are fixed, are more complex. De-
podding to increase assimilate supply to the remaining seeds 
usually increases seed size (weight per seed), but does not 
always change individual SGR’s [214]. Reducing assimilate 
supply by defoliation reduced seed size, but the effect of 
shade was more variable [213, 214]. Source limitations dur-
ing seed filling seem to be relatively common based on 
changes in seed size, but SGR is not as responsive to 
changes in source activity and can be more sink limited. Re-
cent analysis of changes in starch levels in soybean leaves 
during seed filling supports this contention by suggesting 
that intermittent sink limitations can occur [214].  
 The response of the sink (the seed) to source-sink altera-
tions during seed filling depends upon the effects of the as-
similate levels in the seed and the ability of the seed to re-
spond to a change in assimilate supply [220]. The response 
could be manifested in changes in SGR or seed fill duration, 
with interaction of those two factors ultimately determining 
final seed size. The response of seed fill duration to assimi-
late availability is not well known [214]. However, studies 
with in vitro culture systems demonstrated that SGR exhibits 
a classic saturation response to increased sucrose concentra-
tions [221, 222]. Unfortunately, the effect of gross manipula-
tions of source-sink ratios in planta on seed sucrose levels 
are rarely reported, which makes it difficult to extrapolate in
vitro results to those of whole plants [223]. The results sug-
gest that soybean SGR is generally sink limited if photosyn-
thesis increases during seed filling, but source limited if pho-
tosynthesis is reduced [224, 225]. 
 CK regulation and seed size: CK helps to accelerate cell 
divisions and interacts with GA mainly for nutritional re-
sponses during embryogenesis. It means CK signals (to-
gether with genotype dependence) play a big part in deter-
mining how many cells will be produced during embryo-
genesis or, on the other hand, to enhance the embryogenesis 
to match its developmental potential for a larger seed size. 
CK is also well known to help augment source activity via 
enhancing and regulating photosynthesis while concomi-
tantly strengthening the sink during embryogenesis [117, 
125-127]. 
 Previous studies report that seed size and oil body accu-
mulation have a positive correlation [66]. The larger seeds 
become, the more oil-bodies accumulate so that a higher oil 
content is obtained with large seed varieties. Most of the 
lipid in soybean seeds is stored in the cotyledons in the form 
of triglycerides packaged in specialized structures, often re-
ferred to as oil bodies or spherosomes [25]. Cytological stud-
ies of soybean embryogenesis have shown that cell division 
in the seed is completed at an early stage of development 
(R4) while the embryo is still quite small [25]. The major 
increase in seed size occurs from the beginning of R5 to the 
end of R6 and is brought about through enlargement of pre-
existing cells [32]. During this period of cell enlargement, 
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the majority of the oil, protein, and carbohydrate synthesis 
and storage in the seed occurs. Thus, the enlarging seed must 
simultaneously partition its photosynthate among three major 
reserves.   
 In summary, plant hormone signals have significant roles 
in all source – sink regulations that lead to set patterns of 
seed maturation during seed development. If plant hormone 
signals could be optimized, seed development could be 
matched to its development potential to achieve better seeds. 
It is not a simple model of source – sink relationships and 
plant hormone regulation; but, rather it is a complex network 
of these limitations. With a deep knowledge in seed devel-
opment regulation as well as storage accumulation, an opti-
mization for every step throughout a whole plant develop-
ment cycle will be a target for breeder to get a better grain 
crop. 

SUMMARY

 Soybean is one of the most important oilseed crops and 
facets of its seed development determine its value. The pro-
gression, from the beginning of flowering stage through the 
embryogenesis until seed maturation and desiccation as well 
as its regulators, hormonal and non-hormonal factors decide 
the crop quality and productivity. Environmental stresses 
have always had the big impact on seed development gener-
ally and seed filling particularly, which leads to significant 
changes at the harvest stage. As mentioned above, seed de-
velopment, FA accumulation and their hormonal and non-
hormonal regulations have been revealed separately, but 
there is a gap between our understanding of their mecha-
nisms and the possible improvements and manipulations of 
these processes. In order to fully control seed development in
planta from which can stabilize and enhance the crop pro-
duction of desire products, a deeper understanding in optimi-
zation and customization of seed development related proc-
esses is crucial. 
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