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Abstract: Soybean (Glycine max L. Merr.) is one of the most important crops in the world. Its major
content of vegetable oil made it widely used for human consumption and several food industries.
To investigate the variation in seed fatty acid composition of soybeans from different origins, a set
of 633 soybean accessions originated from four diverse germplasm collections—including China,
United States of America (USA), Japan, and Russia—were grown in three locations, Beijing, Anhui,
and Hainan for two years. The results showed significant differences (P < 0.001) among the four
germplasm origins for all fatty acid contents investigated. Higher levels, on average, of palmitic acid
(PA) and linolenic acid (LNA) were observed in Russian germplasm (12.31% and 8.15%, respectively),
whereas higher levels of stearic acid (SA) and oleic acid (OA) were observed in Chinese germplasm
(3.95% and 21.95%, respectively). The highest level of linoleic acid (LA) was noticed in the USA
germplasm accessions (56.34%). The largest variation in fatty acid composition was found in LNA,
while a large variation was observed between Chinese and USA germplasms for LA level. Maturity
group (MG) significantly (P < 0.0001) affected all fatty acids and higher levels of PA, SA, and OA
were observed in early maturing accessions, while higher levels of LA and LNA were observed in
late maturing accessions. The trends of fatty acids concentrations with different MG in this study
further provide an evidence of the importance of MG in breeding for such soybean seed components.
Collectively, the unique accessions identified in this study can be used to strengthen the soybean
breeding programs for meeting various human nutrition patterns around the globe.
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1. Introduction

Soybean (Glycine max L. Merr.) is a leading important oil crop grown worldwide due to its diverse
uses of oil and protein for human and livestock. Soybean oil accounts for 60.85% of the world’s oil
seed production [1]; therefore, it has become the most dominant vegetable oil by far. During 2016 to
2017, the United States of America (USA) and Brazil together accounted for 83% of total world soybean
exports [2]. However, China’s soybean imports from USA and Brazil accounted for 61% and 77% of
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their soybean exports, respectively. China accounted for 65% of total world soybean trade value [2].
Soybean is becoming one of the most important oil crops in both China and USA.

Mainly, soybean oil contains saturated fatty acids such as palmitic (16:0) and stearic (18:0) acids.
In addition, it contains unsaturated fatty acids such as oleic (18:1), linoleic (18:2), and linolenic (18:3)
acids. Fatty acid composition studies are important for improving quality and stability of soybean oil.
Typically, soybean has low levels of saturated fatty acids. It was reported that diets rich in saturated
fatty acids are associated with an elevated risk of cardiovascular diseases, leading to increased blood
serum cholesterol [3,4]. On the other hand, high levels of saturated fatty acids were found to improve
the oxidation stability of soybean oil [5]. Particularly, oils with higher stearic acid (SA) levels result in
higher melting temperatures, making it suitable for processing of soft margarines with better sensory
characteristics, as well as other various baking applications. Higher levels of unsaturated fatty acids
improve the quality of the oil for human health [6]. Intrinsically, an oil profile with very high oleic
acid (OA) content is influential for enhancing the functionality of soybean oil for food uses free of
trans-fatty acids [7]. Linolenic acid (LNA) inhibits triglyceride synthesis and low-density lipoproteins
(LDL) in the liver, playing a role in decreasing triglyceride levels in the blood [8]. Some studies pointed
out that LNA is involved in maintaining brain nerve functions [9]. Despite these benefits of LNA,
polyunsaturated fatty acids, linoleic acid (LA), and LNA, adversely affect the oxidative stability of
soybean oil, causing off-flavor problems [10]. Soybean oils with high OA (more than 80%) and low
LNA (less than 1%) have been reported in several studies [11–13], and the monounsaturated fatty acid,
OA, not only increases oil oxidative stability, but also reduces the production of trans-fat during food
processing, making it more desirable.

It is worth noting that wide variations in levels of saturated and unsaturated fatty acids have
been detected in several studies on crop germplasm collections [14–16]. Such variations could offer
possibilities of developing superior accessions with high quality edible and specialized industrial oils.
The variability in fatty acid composition is undoubtedly due to both genetic and weather factors [17,18],
which affect their nutritional value and processing property. Basically, much more changes are observed
in the preferences for soybean oil owing to the noticeable awareness towards human health care.
Consequently, breeding programs designed for altering the soybean oil profile have become a priority
for improving both food and industrial uses of soybean oil [19]. Therefore, many studies on soybean
seed fatty acid composition have been conducted by soybean breeders in order to develop modified oils
that will match the increasing needs of consumers [7,12,14,20–22]. Those several needs of particular
uses are divided into nutritional, industrial, or pharmaceutical aspects which generally depend on the
vegetable oil quality and its fatty acid composition.

It is generally accepted that introducing new germplasms is indispensable in order to achieve
wider genetic diversity and strengthen breeding stock resources. Traditional approaches of breeding
methods have been using different sets of germplasm to develop new soybean lines with modified fatty
acid composition [10]. Such success in breeding strategies depends largely on available germplasm
collections. Germplasm collections largely vary in their origins and may elucidate elite accessions
that can be exploited for multiple crop breeding programs. Previous studies on seed fatty acid
composition of several germplasm collections from different oil crops—such as sesame [23], Brassica
species [24,25], and safflower [15,16,26]—have showed a wide variation for fatty acid composition.
Likewise, many studies have been conducted on soybean seed fatty acid composition collected from
various sources [20,21,27–30]. These studies suggested that soybeans collected from various sources
demonstrated key differences in their nutritional composition [31]. Furthermore, classification of
soybean accessions into different maturity groups facilitates judgment about the prospects of introducing
new varieties, and such an important role in soybean breeding cannot be overemphasized [32].

Despite the extensive research work conducted on variability in soybean seed fatty acids profile,
very little is known, to our knowledge, about exploring the variation among diverse germplasms
evaluated under same environmental conditions. In an attempt to address this gap, this study
exploited four diverse soybean collections which originates from China, USA, Russia, and Japan with
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varying maturity groups to provide maximal sample heterogeneity. It is expected that these soybean
germplasms would have varying nutrient composition and quality profiles. The aims of this study
were to comprehensively investigate the variation in seed fatty acid composition among different
world soybean germplasms, evaluate the effect of maturity group on seed fatty acid composition, and
determine the adaptability of these germplasms in China.

2. Materials and Methods

2.1. Plant Materials

A total of 633 soybean accessions collected from four different regions worldwide—China (451
accessions), USA (138 accessions), Japan (27 accessions), and Russia (17 accessions)—were used in this
study. Among the whole collection, 11 maturity groups (MG000-VIII) were identified for only 432
accessions and classified as MG000 (5 accessions), MG00 (8 accessions), MG0 (40 accessions), MGI (63
accessions), MGII (49 accessions), MGIII (104 accessions), MGIV (59 accessions), MGV (44 accessions),
MGVI (32 accessions), MGVII (24 accessions), and MGVIII (4 accessions). Accessions with MG000,
MG00, and MGVIII were not used in analyzing the effect of MG on seed fatty acid composition due to
low number of these accessions, so a total of 415 accessions of MG0–VII were finally used. This panel of
soybean germplasm was provided by the germplasm research group of the Institute of Crop Sciences,
Chinese Academy of Agricultural Sciences (CAAS). Information of these four germplasm collections
is shown in Table S1. Basically, the whole set of accessions in this study is conserved in the Chinese
National Soybean Gene Bank (CNSGB).

The Chinese accessions used in this study were collected from the entire Chinese collection of
23,587 soybean accessions conserved in the CNSGB [33,34]. This collection was used to establish a
core collection of 2,794 accessions, which represents 11.8% of the entire collection and gains genetic
diversity of 73.6% [34]. The 451 Chinese accessions investigated in our recent study account for
nearly 1.9% of the total entire Chinese germplasm collection and approximately 16% of the mentioned
Chinese core collection. Furthermore, this Chinese collection was originally collected from three major
soybean growing regions in China, namely Northern region, Huanghuaihai region, and Southern
region, covering an area from 23◦ N to 51◦ N [35,36]. The ranges of maturity groups for the Northern,
Huanghuaihai, and Southern regions are MG000–II, II–V, and IV–VIII, respectively [37]. With respect
to the USA collection, 138 soybean accessions were selected covering various maturity groups from
MG000 to VIII, and included many standard varities for maturity group in North America. It is worth
noting that information on fatty acid composition of some of these accessions has been reported by
the United States Department of Agriculture (USDA) [38] that could have been a basis of systematic
selection of soybean accessions. In addition, Russian and Japanese accessions investigated here were
selected as representative varieties for their countries of origin and also to provide more diverse panel
of accessions along with Chinese and USA accessions.

2.2. Field Experiments

Field trials were conducted at Changping (40◦13′ N, 116◦12′ E), Beijing, and Sanya (18◦24′ N,
109◦5′ E), Hainan province, in 2017 and 2018, and at Hefei (33◦61′ N 117◦0′ E), Anhui province, in 2017.
All accessions were planted at Changping, Beijing, on 12 June 2017 and 14 June 2018, respectively;
at Sanya, Hainan, on 14 November 2017 and 16 November 2018, respectively; and at Hefei, Anhui,
on 5 June 2017.The soil pH, total nitrogen, phosphorus, and potassium levels were 8.22, 80.5 mg
kg−1, 68.7 mg kg−1, and 12.31 g kg−1 at Changping [39], respectively; 6.6, 35.91 mg kg−1, 56 mg kg−1,
and 134.40 g kg−1 at Hefei, respectively; and 5.27, 98.59 mg kg−1, 39.68 mg kg−1, and 80.78 g kg−1 at
Sanya, respectively. The average monthly temperature and rainfall of the three experimental sites are
shown in Table S2. In each location, all the soybean accessions were planted following standard local
practices. The field experiments were laid out in a randomized incomplete block design, as the different
planting locations were used as replications. For each location, soybean seeds of each accession were
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planted in a 3-m row, spaced 0.5 m apart between rows and 0.1 m between plants within each row. After
emergence, the plants were thinned to maintain a uniform and healthy population as well as providing
better representative sampling. Plots were fertilized with 15 t ha−1 organic fertilizer, 30 kg N ha−1,
40 kg P ha−1, and 60 kg K ha−1 during field preparation before sowing. Weeds were controlled by
post-emergence application of 2.55 L ha−1 of acetochlor (Acetochlor®, 50% EC, Rainbow Chemical,
Shandong, China), as well as hand weeding during the growing season. When the plants reached
physiological maturity, plots were harvested manually. As the accessions of different maturity groups
were grown at different locations and growing times, the harvest dates varied across the three locations.
In Changping, the accessions from Northern China were harvested at the same time with the USA,
Japanese and Russian accessions in the same maturity groups during the last week of September, while
the other Chinese accessions from Huanghuaihai and Southern regions were harvested during the first
and second week of October, respectively. At Hefei, all the plant materials were harvested in three
batches similar to Changping, but with one week earlier than Changping, while all the plant materials
were harvested at the same time at Sanya in mid-February. The total growing durations for the three
locations were 102 to 120 days at Changping, 101 to 119 days in Hefei, and 94 to 96 days at Sanya.
Some accessions matured very late and could not get mature seeds, therefore they were discarded at
the last harvest time. All the plants in each plot were harvested, after which 100 seeds were selected
randomly for each accession for fatty acid determination.

2.3. Fatty Acid Extraction and Determination

The five essential fatty acids (palmitic, stearic, oleic, linoleic, and linolenic) were derivatized into
their methyl esters and their abundances determined using gas chromatography [40]. In brief, fine
powder was obtained from soybean seeds by grinding 20 g of seeds from each accession with a sample
preparation mill (Retsch ZM100, Φ = 1.0 mm, Rheinische, Germany). Then, 300 mg of powder from
each sample was weighed out using an analytic balance (Sartorius BS124S, Gottingen, Germany) and
transferred to a 2 mL centrifuge tube preloaded with 1.0 mL n-hexane. This mixture was kept for
20 min at 65 ◦C and shaken for 10 sec every 5 min. Next, 1.0 mL sodium methoxide solution was added
to the mixture, and the mixture was shaken for 10 min on a twist mixer (TM-300, ASONE, Japan)
at 65 ◦C to allow full methyl esterification of the fatty acids, and centrifuged at 12,000× g for 2 min.
The final supernatant was assayed to determine the concentrations of the methyl esters of the five
fatty acids using a GC-2010 gas chromatograph (SHIMADZU Inc., Kyoto, Japan) with flame ionization
detector. The chromatographic separation was carried out using an RTX-WAX column (30 m length×
0.25 mm internal diameter × 0.25 mm thickness, Germany) with the following temperature gradient:
initially, the temperature was set at 180 ◦C for 1.5 min, then increased to 210 ◦C at a rate of 10 ◦C min−1,
kept at 210 ◦C for 2 min, increased to 220 ◦C at a rate of 5 ◦C min−1, and kept at 220 ◦C for 5 min.
The carrier gas was nitrogen, at a flow rate of 54 mL min−1, and 1 µL of each sample was injected. Area
was normalized (relative concentrations by mass) to quantify the five fatty acid concentrations using a
GC2010 workstation [40]. The content of each fatty acid was expressed as a percentage of total fatty
acid content.

2.4. Data Analysis

The analysis of variance (ANOVA) for seed fatty acid composition was conducted using the
general linear model (GLM) procedure with a random statement in SAS 9.2 software for Windows [41].
The different planting locations were used as replications and together with year they were considered
as random effect. The origin of accessions, accessions and MG were considered as fixed effect. Multiple
comparisons among origins of accessions were conducted using Fisher’s least significant difference
(LSD) test. Boxplots were drawn to show the variation in seed fatty acid composition among the four
origins. Scatter plots were used to display the relationship between different MGs and each fatty acid,
and also the relationship between mean of each fatty acid with its CV. Pearson’s correlation was used
to access the associations among the five fatty acids. In R project (version 3.4.5), ggplot2 package was
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used to draw boxplot and scatter plot, while the corrplot package was used to graphically display
correlation matrix.

3. Results and Discussion

3.1. Variation in Seed Fatty Acid Composition in Soybean Accessions

The average fatty acid contents of 633 soybean accessions across three environments for two years
are presented in Table 1. Linoleic acid showed predominant average content (54.41%) among all the
fatty acids, whereas stearic acid showed the lowest average content (3.92%). The widest range was
noticed in oleic acid (13.55–31.88%), followed by linoleic acid (45.64–63.93%), while stearic acid showed
the narrowest range (8.23–17.2%). Generally, the lower levels of saturated than unsaturated fatty acids
in the current study was in agreement with those reported previously [7,10]. The observed SA level in
this study was low in comparison with previous studies [42,43], while levels of palmitic acid (12.12%)
and OA (21.63%) in this study were higher than that previously reported by [21,42,43]. The current
study also showed a wider range of LNA content when compared with previous studies [42,43].
Such variability between our study and previous works may most likely be due to large collections
from various regions exploited in our study. Moreover, LNA content exhibited the highest CV (15.34%)
among the five fatty acids, revealing that LNA content had the highest abundant variation which
underlies the effects of both diverse germplasms and environments on LNA content. LA content,
contrary to LNA, exhibited the lowest CV (5.07%) among all the fatty acids which indicates that
growing those accessions with higher LA levels and less changeable effect across different locations
is profitable. Theoretically, LA, (omega-6) and LNA (omega-3) are absolutely essential fatty acids
which should be obtained from rich diet. Elevated levels of both LA and LNA in soybean oil are
necessarily needed for healthier human nutrition [8,9]. Furthermore, serious problems—such as heart
diseases, asthma, and other syndromes—could influence human health due to the lack of LA and
LNA in diets [44,45]. On the contrary, soybean accessions with high LNA content are not favorable for
producing stable oil, as oil with raised concentrations of LNA oxidizes rapidly, inducing off-flavors
compounds in cooked foods [10]. Recently, demands for soybean oil as a raw material for producing
biodiesel have raised, thus soybean oil higher in OA and lower in LA contents are also preferred for
meeting these needs [46].

Table 1. Statistical summary of soybean seed fatty acid composition.

Component Mean a SD CV (%) Min (%) Max (%) Skew Kur

Palmitic acid 12.12 0.78 6.44 8.23 17.20 0.24 4.09
Stearic acid 3.92 0.41 10.36 2.71 5.19 0.23 −0.11
Oleic acid 21.63 2.94 13.60 13.55 31.88 0.48 0.36
Linoleic acid 54.41 2.76 5.07 45.64 63.93 −0.21 0.51
Linolenic acid 7.93 1.22 15.34 3.43 12.76 0.28 0.94

a The content of each fatty acid is expressed as a percentage of total fatty acid content.SD, standard deviation; CV,
coefficient of variation; Min, minimum; Max, maximum; Skew, skewness; Kur, kurtosis.

Breeding soybean for altered seed fatty acid composition has been extensively
studied [7,12,14,20–22] in order to develop modified oils ready for meeting the increasing needs
of consumption. Rebetzke et al. [14], used 22 low and 22 normal PA lines derived from two crosses of
N87-2122-4 × ‘Kenwood’ and N87-2122-4 × ‘P9273′, and reported that OA and LNA contents in those
reduced PA lines were significantly higher than that of normal PA lines, while LA content showed
no significant changes. They concluded that using soybeans with reduced PA content could improve
soybean quality. As mutagenesis is also one of the conventional breeding methods followed to change
the oil and its fatty acid composition, Pham et al. [12] studied the incorporation of mutant FAD3 genes
into high OA background to lower the LNA content. Results of their investigation identified lines
with less than 2% LNA content. Furthermore, the study of La et al. [21] which aimed to characterize
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seed composition traits, including fatty acids, in 80 wild soybean plant introductions (PIs) from
the USDA soybean collection, observed a lower OA content (122.1 g kg−1) while LNA content was
high (163.8 g kg−1). They suggested the possibility of exploiting this collection of wild soybean in
improving oil profile constituents in cultivated soybean for human health benefits. genome-wide
association studies (GWAS) were recently conducted and resulted in identification of beneficial alleles
and candidate genes which are expected to be valuable for generally improving seed quality [47] and
particularly improving unsaturated fatty acid of soybean [11].

In the current study, the highest accession in PA content was T309 (17.20%) from USA, while
YZY2004-15-W90, from China, had the lowest content of PA (8.23%) (Table 2). For SA, ZDD00294 from
China had the highest level (5.19%), whereas WDD00405, from USA, had the lowest level (2.71%)
(Table 2). This shows the existence of a wider variability between the Chinese and USA germplasms
for PA and SA. The Chinese accession ZDD02925 showed the highest OA content (31.88%), whereas
ZDD09581 contained the lowest level of OA (13.55%) (Table 2). The observed result showed a large
variation among the Chinese accessions for OA content. The highest level of LA was yielded by
accession S01-9391 from USA (63.93%), whereas the Chinese accession ZDD02925, in contrast to its OA
content, recorded the lowest LA content (45.64%) (Table 2).

Table 2. Accessions with highest and lowest contents of five fatty acids.

Fatty Acid ID Number Name Mean a Origin

Palmitic acid
- YZY2004-15-W90 8.23 China

WDD01709 T309 17.20 USA

Stearic acid
WDD00405 Yellow marvel 2.71 USA
ZDD00294 Qingdou 5.19 China

Oleic acid
ZDD09581 DLHD 13.55 China
ZDD02925 DLFB 31.88 China

Linoleic acid
ZDD02925 DLFB 45.64 China
WDD03084 S01-9391 63.93 USA

Linolenic acid
WDD01482 C1640 3.43 USA
ZDD03739 PXDZHC 12.76 China

a The content of each fatty acid is expressed as a percentage of total fatty acid content.

For LNA, the Chinese accession ZDD03739 had the highest content (12.76%), while C1640 from
USA had the lowest LNA content (3.43%) (Table 2). The variability among USA accessions in LA
and LNA contents in this study can explicitly provide insights into achieving a goal of dual purpose
soybean accessions; accessions with higher LA to produce healthier soybean oil and lower LNA to
achieve oil stability. USA accessions with lower level of LNA, such as accession C1640, offers vital
source for more advanced research on low-LNA soybean studies with the aim of improving oil stability.
Genetically, Fehr et al. [48] reported that the expression of low LNA content is governed by, at least,
two recessive alleles and a combination of these alleles will decrease LNA level to less than 3%.

3.2. Effect of Germplasm Origins on Variation in Seed Fatty Acid Composition

We observed highly significant differences (P < 0.001) among the germplasm origins for all
fatty acids (Table S3a). The significant variation of fatty acids among different germplasm origins
was consistent with previous studies [20,21,28]. Grieshop and Fahey [31] reported that soybeans
collected from various sources elucidated major differences in their nutritional composition of fatty
acids. The contents of SA, LA, and LNA showed highly significant differences (P < 0.001) between
the two years, whereas PA and OA levels showed no significant differences (Table S3a). A previous
study revealed that cultivation year had a significant effect on some soybean seed quality traits, while
others were not significantly affected [49]. In addition, the interaction of cultivation year × origin had
a highly significant effect (P < 0.01) only on LNA content, while no significant effects were observed
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for the other fatty acid contents (Table S3a). The significant effect of year × origin interaction on
LNA, coupled with the highest CV of 15.34% (Table 1), underline the high sensitivity across various
environmental conditions. In contrast, the other fatty acids were not affected by such interaction which
was in accordance with the study of Graef et al. [50]. The results also showed that there were highly
significant differences (P < 0.0001) among accessions for all fatty acids contents (Table S3b). Table S3b
further showed that cultivation year × accession interaction did not significantly affect all the fatty
acid contents, indicating that genetic factor plays a key role on fatty acid composition between various
cultivation years.

The variation in fatty acid composition among the four germplasm origins are shown in
Figure 1A–E. Russian accessions had the highest average level of PA (12.31%), followed by Japan
(12.26%) and China (12.22%), while USA accessions had the lowest level of PA (11.68%) which
significantly differed from the other three germplasms origins (Figure 1A). Chinese accessions had
higher content of SA (3.95%), followed by USA (3.89%), then Russian accessions (3.79%), while Japanese
germplasm revealed the lowest SA content (3.76%) (Figure 1B). The Chinese germplasm can be used as
good parents for the development of soybean varieties with high saturated oils, which could increase
the oil shelf life. In respect to unsaturated fatty acids, the Chinese accessions contained the highest OA
level (21.95%), followed by Japan (21.54%) and Russian germplasms (21.45 %), while USA germplasm
recorded the lowest OA content (20.66%) (Figure 1C). Russian accessions did not differ significantly
from USA accessions in OA content, while USA accessions differed significantly from Chinese and
Japanese accessions. In contrast with OA content, the USA germplasm had the highest average of
LA content (56.34%), while the other germplasms of Japan and Russia recorded 54.55% and 54.30%,
respectively (Figure 1D). The Chinese accessions, in contrast with SA level, contained the lowest level
of LA (53.81%) (Figure 1D). One important finding in the current study is that the four germplasm
sources used varied greatly in LA content, suggesting that LA can be used as a discriminative factor
for geographical classification of soybean.

The largest difference in LA was found between Chinese and USA accessions which was in
accordance with Song et al. [30], as they reported that USA accessions had higher LA content than
Chinese accessions (48.5% and 44.7%, respectively). This result demonstrates that different genetic
background between both origins greatly influenced LA content. Russian accessions had the highest
LNA content (8.15%), followed by Chinese accessions (8.06%), and Japanese accessions (7.90%), whereas
USA accessions had the lowest LNA content and differed significantly from the other origins (7.40%,
Figure 1E). The highest LA and lowest LNA levels in observed in USA accessions shows the possibility
of decreasing LNA level with an increase in LA level, which suggests that higher content of LA could
be acting at the expense of LNA content.

As a result, improving genotypes or/and developing new cultivars with special nutrition pattern
largely rely on the noted variations in seed fatty acids. Japanese and Chinese accessions showed no
significant differences in PA, OA, and LNA contents, which was also in agreement with Song et al. [29],
indicating that the closeness of these two origins may have resulted in the lack of significant effect on
the soybean quality components. Generally, the observed variation in saturated and unsaturated fatty
acids among different origins could be attributed to environmental and genetic factors, which further
confirms the results of Song et al. [29], as the germplasm origins exhibited various oil profiles.
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Figure 1. Boxplots of five fatty acid composition of 633 soybean accessions collected from four different
germplasm origins (averaged across three locations and two years). (A) palmitic acid (PA), (B) stearic
acid (SA), (C) oleic acid (OA), (D) linoleic acid (LA), and (E) linolenic acid (LNA). Different lowercase
letters (a, b, and c) at the top of each boxplot indicate statistically significant differences at P < 0.05 level
among the four germplasm origins.

3.3. Effect of Maturity Group on Seed Fatty Acid Composition

Highly significant differences (P < 0.0001) in fatty acid composition were also observed among
different maturity groups (MGs) for all fatty acids (Table S3c). Previous studies have reported that MG
significantly affects soybean seed quality [39,51–53]. These findings document the variation among
maturity groups in different fatty acids, confirming the fact that MG should be considered as an
important factor [39]. Furthermore, the results demonstrated that in the same planting site or even
planting date, early MGs could affect soybean seed fatty acid composition in a way that differs from late
MGs, which could be attributed to the difference in growth durations of both early and late maturing
cultivars [24]. In other words, effects of MG in this study underline that accessions from some MGs
had higher content of specific fatty acid than other accessions belonging to other MGs, regardless of
the environments. The MG x year interaction had no significant effect on all fatty acids (Table S3c),
which indicates the consistency of the MGs in both years of experimentation.

In this study, PA and SA levels ranged from 11.75% to 12.33% in MG0–VII and from 3.69% to 4.16%
in MGI–VI, respectively (Table 3). MG0 had significantly higher PA level (12.33%) when compared
to MGI-VII which had a decreasing PA level, with the lowest PA level observed in MGVII (11.75%).
For SA, MGI yielded the highest level (4.16%) which was significantly higher than all the other maturity
groups. Also, MGII-VII had a decreasing SA level which ranged from 3.94% in MGII to the lowest SA
level of 3.69% in MGVI (Table 3). Level of OA ranged from 19.73% in MGVII to 22.99% in MGI (Table 3),
showing a similar trend to that observed in PA and SA levels as higher contents of PA, SA and OA
were presented in early MGs, while lower contents were yielded in late MGs. Level of LA ranged from
53.30% in MGI to 56.20% in MGVII, while LNA level ranged from 7.31% in MG0 to 8.88% in MGVI
(Table 3). These findings reflect contrasting trends of fatty acids with different MGs, where higher PA,
SA, and OA levels were observed in early, rather than late, maturing soybean accessions, while the
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higher levels of LA and LNA were observed in late maturing soybean accessions. The MG can be
used as an influential factor on soybean seed fatty acids and early maturing soybean accessions had
higher levels of PA, SA, and OA components, while late maturing accessions had higher levels of LA
and LNA components. Despite the solid knowledge that environment is a major player influencing
soybean seed composition since it drives to an influential change in climatic factors [54], the current
study further points out the remarkable effect of MG on seed fatty acid composition. In other words,
the trend of fatty acid across different MGs observed in this study further highlights that genetic factors
play a key role in variation of seed fatty acid constituents among different accessions corresponding to
different backgrounds. This assertion that genetic variability is present in soybean seed composition
and yield has also been reported by other studies [51,55,56].

Table 3. Fatty acid composition (%) in soybean seeds from different maturity groups (MGs) across
two years.

MG Palmitic Acid Stearic Acid Oleic Acid Linoleic Acid Linolenic Acid

0
Mean a 12.33 a 3.92 b 22.63 a 53.77 ef 7.31 d
Range 10.27–15.33 2.24–5.5 13.3–46 34.55–63.36 4.3–13.67

I
Mean 12.20 ab 4.16 a 22.99 a 53.30 f 7.35 d
Range 9.91–14.67 2.80–41.02 10.64–63.93 38.88–63.93 4.08–12.90

II
Mean 12.01 c 3.94 b 21.34 b 55.02 bc 7.51 d
Range 9.8–15.56 2.21–5.91 12.6–35.49 44.18–66.75 2.94–11.89

III
Mean 12.07 c 4 b 21.89 b 54.21 de 7.89 c
Range 9.61–17.48 2.37–6.39 13.03–42.48 38.77–62.43 3.94–14.91

IV
Mean 12.15 bc 3.93 b 21.48 d 54.15 de 8.30 b
Range 9.97–15.00 2.49–6.57 14.08–32.78 43.48–61.71 5.05–12.58

V
Mean 12.09 bc 3.79 c 21.18 d 54.70 cd 8.25 b
Range 9.77–14.71 2.37–6.48 13.62–37.98 42.93–61.74 4.65–13.37

VI
Mean 12.08 bc 3.69 cd 19.88 c 55.47 ab 8.88 a
Range 7.93–16.71 2.61–5.49 11.95–33.50 44.67–66.90 3.68–13.91

VII
Mean 11.75 d 3.79 c 19.73 c 56.20 a 8.54 ab
Range 9.72–18.44 2.62–6.08 13.63–28.85 48.80–62.31 5.04–13.95

a The content of each fatty acid is expressed as a percentage of total fatty acid content. Values of means within each
column with different letters indicate statistically significant differences at P < 0.05.

The relationship between fatty acid composition and MG is shown in Figure 2A–E. All the fatty
acids showed a significant relationship with maturity groups. Levels of PA, SA and OA showed
negative and significant linear relationship with MG (r = −0.76, P < 0.028, r = −0.77, P < 0.027 and
r = −0.92, P < 0.001, respectively) (Figure 2A–C). In contrast, levels of both LA and LNA revealed a
positive and significant relationship with MG (r = −0.8, P < 0.017 and r = −0.95, P < 0.0004, respectively)
(Figure 2D,E). These findings further confirm that there is a decreasing trend in PA, SA, and OA levels
from early to late maturity groups, with much stronger relationship in OA level. For LA and LNA
levels, there is an increasing trend from early to late maturity groups, with much stronger relationship
in LNA level. This relationship pattern was not in agreement with that reported by Bellaloui et al. [57],
as they concluded that MG showed no consistent effect on fatty acid composition, except stearic acid
which was minimally affected.
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Figure 2. Relationship between means of soybean seed five fatty acid composition (%) with maturity
groups (MG0–VII). (A) palmitic acid, (B) stearic acid, (C) oleic acid, (D) linoleic acid, and (E)
linolenic acid.

Despite this conclusion of Bellaloui et al. [57], their study was conducted based on two sets of
near-isogenic soybean lines derived from two cultivars Clark and Harosoy with a common genotypic
background, which did not enable them to generalize their conclusions. In contrast, the soybean
accessions utilized in the current study included diverse soybean accessions in different genetic
background. We believe that this contradictory pattern of relationship between fatty acid and MG
could be exploited to adopt best management combinations depending on selection purpose and other
practices aiming at maximizing specific end use targets.

3.4. Correlation Analysis of Seed Fatty Acids

Pearson’s correlation coefficients among the five fatty acids are shown in Figure 3. The highest
significant negative correlation was observed between OA and LA contents (r = −0.85***), followed
by OA with LNA contents (r = −0.47, P < 0.001, denoted ***). Similar results were previously
reported [21,58]. These findings showed that a consistent decrease in LA and LNA contents is linked
with a corresponding increase in OA content. This negative correlation may be attributed to the
different biochemical pathways of the noted fatty acid biosynthesis [59]. Interestingly, this negative
association provides more increasing interest for food industries and consumers to produce oil with
high OA and low LA and LNA contents [60]. Non-significant correlation was observed between LA
and LNA. The PA content was significantly and negatively correlated with OA and LA (r = −0.08* and
−0.29***, respectively), but positively correlated with LNA (r = 0.23***). The SA content had highly
significant negative correlations with LA and LNA (r = −0.16*** and −0.23***, respectively), but positive
correlation with OA. Previous study of La et al. [21] demonstrated that there is a significant negative
association between PA and LA, as well as between SA and LNA. These negative correlations of both
PA and SA with unsaturated fatty acid contents could be related to the different pathways in their
biosynthesis. Our result is in opposite to other studies [42,61], as they found positive and significant
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correlations between PA with LA, and SA with both LA and LNA. Such a contradiction between our
study with other studies could be due to the difference in materials exploited in both studies.
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Figure 3. Pearson’s correlation coefficients between soybean seed fatty acid composition. * Significant
at the P < 0.05 probability level, ** significant at the P < 0.01 probability level, *** significant at the
P < 0.001 probability level. Values without asterisks are not significant at P < 0.05. PA, palmitic acid;
SA, stearic acid; OA, oleic acid; LA, linoleic acid; LNA, linolenic acid.

3.5. Stability of Soybean Fatty Acids across Different Environments

The stability of soybean accessions varies greatly under different environmental conditions [62].
The coefficient of variation (CV) of each seed fatty acid was used to reflect the stability of the fatty
acid levels, as a lower CV represents higher stability for a cultivar in different environments [63–65].
The means of the five seed fatty acids were plotted against their CVs to show how much the desirable
level of each fatty acid was stable within each germplasm origin (Figure 4A–E). These results indicated
that diverse germplasm accessions showed discrepant performance against different environments.
The different CV values of accessions from the four origins elucidated the effect of different genetic
background for each collection and their performances under unusual climatic conditions [29]. These
findings suggest that introducing new germplasms to China will offer promising germplasm resources
with specific oil profile depending on their stability across contrasting environments [66]. Importantly,
the germplasm accessions which are adapted to local agro-environmental conditions may have
beneficial alleles and could be incorporated in soybean breeding for desired fatty acid profiles.
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Figure 4. Scatter plots showing the relationship between means of five fatty acids and coefficients
of variation (CVs) for 633 soybean accessions grown in five different locations. (A) palmitic acid, (B)
stearic acid, (C) oleic acid, (D) linoleic acid, (E) linolenic acid. Horizontal and vertical dashed lines, in
blue, represent average CV and mean of the five fatty acids, respectively.

Accessions with higher level of PA and lower CV values are more preferred form of saturated
fatty acids because they showed higher oil stability (Figure 4A). Among these accessions, T309 from
USA had higher PA content (17.20%) with lower CV (2.03%), followed by the Japanese accession Saikai
20, as its PA content was 14.81% with lower CV of 3.45%. Other accessions with higher PA showing
higher stability are shown in Table 4. A collection of USA and Chinese germplasms with high SA
content showed more stability (Figure 4B). The USA accession L72-920 showed higher SA content
(5.04%) and lower CV (8.48%), followed by the Chinese accession Laidou24, which had higher SA
content of 5.01% and low CV of 12.57% (Table 4). Other stable accessions with higher SA level were
shown in Table 4. Figure 4C shows that higher means of OA content were reasonably associated with
higher CV values, indicating that majority of the higher OA accessions were not very stable across
different environments. Despite that, two Chinese accessions ZDD11235 and ZDD06021 with OA
content of 28.47% and 28.14%, respectively, exhibited high stability as their CVs were 9.98 and 4.93%,
respectively, in addition to other Chinese accessions with lower CV and higher OA content which are
shown in Table 4. In contrast to other fatty acids, higher LA levels showed lower CV values (Figure 4D),
revealing that a greater number of accessions with higher LA content were relatively stable across
different environments. The current study showed that many stable and favorable LA levels were
abundantly found in USA germplasms, whereas few accessions from other origins exhibited such a
desired LA scenario (Figure 4D and Table 4). The USA accession S01-9391 had the highest LA content
of 63.93% with CV of 3.20%, followed by the Chinese accession ZDD03222 with LA content of 63.30%
and CV of 2.32%. Stable accessions with low LA levels were also observed, including ZDD04382 with
LA level of 47.36% and CV of 4.55% (Table 4). These results indicate that higher LA levels tend to
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be less affected by environments compared with other fatty acids. In respect to LNA, the Chinese
accession, ZDD03739, had a higher LNA level of 12.76% and maintained relatively higher stability (CV:
7.82%) (Table 4). As Lower LNA levels is required for maintaining higher oil stability, the accession
C1640 from USA had a higher stability, CV of 6.8%, in addition to its lowest LNA content (3.43%)
(Table 4) which highlights the importance of exploiting some USA soybean accessions for providing
oils with higher stability.

Table 4. Accessions showing desired contents of five fatty acids with higher stability (lower CV).

Fatty Acid ID Number Name Mean a CV (%) Origin

Higher palmitic
acid (PA)

WDD01709 T309 17.20 2.03 USA
WDD01215 Saikai 20 14.81 3.45 Japan
ZDD24126 gongdou10 14.01 1.18 China
WDD02708 PSB313 13.97 3.05 Russia

Higher stearic
acid (SA)

WDD02225 L72-920 5.04 8.48 USA
- Laidou24 5.01 12.57 China
- HLT2-Heihe13 4.72 6.39 China

Z13-633-1 Z13-633-1 4.81 12.82 China

Higher oleic
acid (OA)

ZDD11235 SQDDD 28.47 9.98 China
ZDD06021 Qingpidou 28.14 4.93 China
ZDD12746 SCQPD 27.31 4.67 China
WDD02995 PI 468903 27.27 6.58 USA

Higher linoleic
acid (LA)

WDD03084 S01-9391 63.93 3.20 USA
ZDD03222 RNPDS 63.30 2.32 China

- YZY2004-15-15W83 62.86 4.51 China
WDD00713 Dorchsoy 61.88 3.30 USA
WDD01488 CX1038-14 61.04 3.86 USA
WDD01618 Camp 60.10 1.55 USA

Lower linoleic
acid (LA)

ZDD04382 DYBHSBD 47.36 4.55 China
ZDD06450 YGZHD 47.71 4.59 China
ZDD07088 LQDD 48.24 4.40 China
ZDD06021 Qingpidou 48.29 3.51 China

Higher
linolenic acid

(LNA)

ZDD03739 PXDZHC 12.76 7.82 China
ZDD16816 CSHD 11.48 11.02 China

PI84751 G1593|2017 11.32 10.68 USA
WDD02708 PSB313 11.31 10.00 Russia
PI43848913 G1592|2017 11.07 7.90 USA
WDD01674 T116H 11.05 9.47 USA

Lower linolenic
acid (LNA) WDD01482 C1640 3.43 12.53 USA

a The content of each fatty acid is expressed as a percentage of total fatty acid content. CV, Coefficient of variation.

Basically, one of the aims of soybean breeding is to improve oil stability through developing
genotypes with reduced LNA and elevated OA levels [21,67,68]. Therefore, taking into consideration
these germplasms resources and their adaptability as determined in this study, our findings are
expected to contribute greatly in selection of accessions with desirable levels of certain fatty acids
which are less affected by contrasting environmental conditions. Furthermore, soybean oil content and
fatty acid composition significantly affect soybean flavor attributes [69], that is why great efforts were
made to select soybean cultivars with a desired oil profile to improve such flavor attributes [70]. In our
study, the accessions which revealed higher stability and higher OA and LNA contents are beneficial
for producing soymilk with preferable levels of smoothness and sweetness attributes, achieving the
most important quality and preferable soymilk parameters for Chinese consumers [71]. In contrast, the
accessions with higher PA and LNA contents are mostly preferable for western consumers due to the
significant positive correlation of these two fatty acid levels with color and appearance of soymilk [71].
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As a result, these unique accessions reported in this study constitute promising endeavors to improve
soybean products with higher quality to meet various consumers’ preferences.

4. Conclusions

To conclude, significant variations in seed fatty acid composition were noticed among four diverse
soybean collections in this study. Particularly, accessions form USA and China showed significant
differences in all the fatty acids and the largest difference between both origins was found in LA. Higher
negative correlation observed between OA and LA levels offers a valuable chance for improvement
of specific oil patterns with dual purposes. This variability observed in seed fatty acid traits among
four worldwide germplasm accessions can provide valuable genetic resources for soybean breeding.
In general, contrasting trends of fatty acids with different MGs further emphasized the importance of
MG as an influential factor on soybean seed fatty acid composition. Different adaptability patterns of
introduced germplasms encourage exploiting diverse genotypic backgrounds in breeding for high
quality soybeans. Furthermore, the variation observed in fatty acid composition among different
soybean germplasms due to the effect of diverse origins or MGs is of high importance for identification
of accessions with desired lower or higher fatty acid contents. These high stable accessions with
interested fatty acid profiles identified in this study can be used for enhanced studies and industries,
aiming to achieve desired soybean oils to meet various consumption preferences.
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by 633 soybean accessions at three locations for two years, Table S3c. Analysis of variance for seed fatty acid
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