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Abstract Composition of fatty acids (FAs) in soybean
seed is important for the quality and uses of soybean oil.
Using gas chromatography, we have measured soybean
FAs profiles of 621 soybean accessions (maturity
groups I through IV) grown in five different environ-
ments; Columbus, OH (2015), Wooster, OH (2014 and
2015), Plymouth, NC (2015), and Urbana, IL (2015).
Using publicly available SoySNP50K genotypic data
and the FA profiles from this study, a genome-wide
association analysis was completed with a compressed
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mixed linear model to identify 43 genomic regions
significantly associated with a fatty acid at a genome
wide significance threshold of 5%. Among these re-
gions, one and three novel genomic regions associated
with palmitic acid and stearic acid, respectively, were
identified across all five environments. Additionally,
nine novel environment-specific FA-related genomic
regions were discovered providing new insights into
the genetics of soybean FAs. Previously reported FA-
related loci, such as FATBla, SACPD-C, and KASIII,
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were also confirmed in this study. Our results will be
useful for future functional studies and marker-assisted
breeding for soybean FAs.

Keywords Fatty acids - Genome-wide association
study - Quantitative trait loci - Soybean - SoySNP50K

Introduction

Soybean [Glycine max (L.) Merr.] is a major oilseed
crop, accounting for 55% of US vegetable oil consump-
tion in 2018 (SoyStats 2019). Soybean oil normally
consists of 16% saturated fatty acids (FAs) [12%
palmitic acid (16:0), 4% stearic acid (18:0)], 24% mono-
unsaturated FAs [oleic acid (18:1)], and 60% polyun-
saturated FAs [53% linoleic acid (18:2) and 7%
linolenic acid (18:3)] (Nwokolo 1996). Specific FA
compositions are desirable depending on the end-use
of the soybean oil. For example, saturated and monoun-
saturated FAs are stable for cooking oil, but most poly-
unsaturated FA molecules react with oxygen to produce
off flavors (Clemente and Cahoon 2009). Human con-
sumption of palmitic acid tends to raise low-density
lipoprotein (LDL) cholesterol levels, while stearic acid
has a neutral effect on LDL cholesterol level in plasma
(Liu et al. 2002). In contrast, consumption of unsaturat-
ed FAs has the beneficial property of lowering LDL-
cholesterol (Mensink and Katan 1992). Linoleic and
linolenic acids are recognized as valuable nutritional
factors that potentially reduce cardiovascular disease
risk and influence cognitive functions and behaviors
(Lunn and Theobald 2006). These two essential poly-
unsaturated FAs are not produced by the human body
and need to be acquired through diet. Soybean oil with
high amounts of linoleic and linolenic acids is also in
demand for industrial drying-oil which is one of the key
components in oil-based paints and coatings (Cecil et al.
1988). Although each unique FA profile determines the
functional and nutritional qualities of the oil in both food
and non-food products, controlling the concentration of
each FA in order to attain the varied end use products is
made difficult by the complex relationships among in-
dividual FAs.

In previous studies, significant negative correlations
were observed between oleic acid and palmitic acid,
oleic acid and linoleic acid, as well as oleic acid and
linolenic acid (Ohlrogge and Browse 1995; Alt et al.
2005; Bachlava et al. 2008). It was also found that seed

@ Springer

yield had a negative correlation with oleic acid content,
and positive correlations with palmitic acid and polyun-
saturated FA contents. Moreover, water stress and high
temperature alter seed oil composition. High water
stress and high temperature increase oleic acid, but
decrease linoleic and linolenic acid contents (Wolf
et al. 1982; Bellaloui et al. 2013). Palmitic and stearic
acid contents were generally stable under normal soil
water potential between —90 and —100 kPa and high
temperature changes (36 °C/28 °C, day/night) (Wolf
et al. 1982), while palmitic acid increased and stearic
acid decreased under severe water stress (i.e., soil water
potential between —150 and —200 kPa) or severe high
temperature (40 °C/33 °C, day/night) (Bellaloui et al.
2013). Hence, to produce various high-quality soybean
oil via breeding soybean cultivars, it is important to
investigate FA compositions and the interactions of
FAs and soybean growing environments.

FAs in soybean are quantitatively inherited and con-
trolled by both major and minor genes. Many genes or
quantitative trait loci (QTL) associated with the five
dominant FAs have been identified in numerous studies
(Diers and Shoemaker 1992; Li et al. 2002; Hyten et al.
2004b; Panthee et al. 2006; Reinprecht et al. 2006;
Pham et al. 2010; Wang et al. 2012). As curated on
SoyBase (http://www.soybase.org, March 25, 2020),
QTL conditioning soybean FA contents were
positioned on nineteen of the twenty chromosomes.
Traditional QTL mapping using bi-parental mapping
populations and linkage maps were used to identify
QTL in most of these studies. Such studies detected
genomic loci with relatively large genetic effects on
FA contents, in which two parental genotypes of map-
ping populations had significant differences in FA pro-
files (Reinprecht et al. 2006; Li et al. 2011; Wang et al.
2012; Xie et al. 2012). In such types of QTL analyses,
however, the number of alleles assayed are restricted to
those present in the parents and the relatively small
population size limits recombination events, often
resulting in low mapping resolution.

As an alternative to QTL mapping with bi-parental
populations, genome-wide association studies (GWAS)
have been recently applied to locate QTL for various
traits, including FAs in naturally occurring populations
(Li et al. 2015; Fang et al. 2017; Leamy et al. 2017;
Zhang et al. 2018; Zhao et al. 2019). Soybean GWAS is
more feasible since the SoySNP50K Beadchip was de-
veloped and used to genotype nearly 20,000 G. max and
G. soja accessions from the USDA Soybean Germplasm
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Collection (GRIN, http://www.ars-grin.gov/cgi-
bin/npgs/html/crop.pl?51) (Song et al. 2013, 2015).
This SNP dataset has already been used in several
GWAS for analyzing resistance against various dis-
eases, such as Phytophthora sojae (Schneider et al.
2016; Rolling et al. 2020) and cyst nematode (Vuong
et al. 2015), as well as soybean seed compositions
(Vaughn et al. 2014; Lee et al. 2019). Using a total of
621 soybean accessions in maturity groups (MGs) I to
IV (Lee et al. 2019) and the publicly available
SoySNP50K data, we conducted a GWAS to identify
QTL controlling FA contents in soybean seeds grown in
five environments.

Materials and methods
Germplasms and field trials

Six hundred twenty-one diverse soybean accessions ob-
tained from the USDA Soybean Germplasm Collection
were evaluated in three incomplete blocks of 200 entries
and a block of 33, each with a set of four checks [Summit
(mid-MG II) (McHale et al. 2012), Wyandot (MG II) (Lee
et al. 2017; https://mchalelab.cfaes.ohio-state.
edu/sites/mchale/files/imce/Wyandot release document.
pdf), HR09-397 (MG 1II) (a high protein breeding line
from USDA-ARS, Wooster, OH), and Prohio MG IV)
(Mian et al. 2008)] entered at the beginning of the block.
The 621 soybean accessions were grown in five environ-
ments in Columbus, OH in 2015 (OHC15), Wooster, OH
in both 2014 (OHW14) and 2015 (OHW15), Urbana, IL
in 2015 (IL15), and Plymouth, NC in 2015 (NC15).
According to the information in the Germplasm Resources
Information Network (GRIN), these accessions originated
from China (358), Europe (8), India (2), Japan (66), Kore-
an Peninsula (106), North America (59), Russia (21), and
Taiwan (1). Over 70% of these accessions were from
Eastern Asia, the center of origin of soybean, and the
detailed information has been reported previously (Lee
et al. 2019). In GRIN, the accessions were classified into
MGs I (7), 1T (267), 11 (187), and IV (160), which are the
major maturity groups of soybean cultivated in the north
central region of the USA. Only accessions with yellow
seed coat color, and less than 4.0 scores (on a 1 to 5 scale)
for lodging, pod shattering, and seed mottling were used in
this study (with few exceptions). Test plots were managed
according to local practices and all the fields were kept
mostly free of diseases and weeds.

Determination of contents of five major FAs in soybean
seeds

For extraction of fatty acids, approximately 20 seeds
were randomly sampled from harvested seeds of each
genotype and the pooled seeds were ground using a
Laboratory Mill 3610 grinder (Perten Instruments,
Inc., Hagersten, Sweden) attached to Mill Feeder 3170
for improving homogeneity and ease of operation. Ap-
proximately, 0.3 g of the ground seed powder from each
sample was used for overnight extraction of total lipids
with 1 ml of chloroform-hexane-methanol (8:5:2, v/v/v,
Fisher Scientific, Fair Lawn, NJ, USA). For derivatiza-
tion, 75 pl of methylating reagent was added to 150 pl
of extract, and then 1 ml of hexane was added to dilute.
FAs measurements followed methods of Byfield and
Upchurch (2007), with standard FA mixtures (Animal
and Vegetable Oil Reference Mixture 6, AOACS,
Matreya, LLC, State College, PA, USA) used as a
reference. The content of each FA was determined by
the effective area calculated by multiplying peak height
and width at the half of peak height. Each FA content
was normalized by the total content and presented as
percentage of total seed oil.

Statistical analyses of phenotypic data

We calculated the best linear unbiased predictor (BLUP)
values of each FA content by using PROC MIXED
(SAS Institute, Cary NC, USA) to normalize phenotypic
data collected from five environments. The statistical
model for the calculation of BLUP values was as fol-
lows:

Yigm = p+ E; + B(E)[j + Ck + G(C)yy + Gy X Ei + gju

where 1 is overall mean, E; is effect of ith environment,
B(E); is effect of jth block in ith environment, Cj is
effect of kth class of entry (k= 1, 2, 3, 4, and 5 for four
checks, Summit, Wyandot, HR09-397, Prohio, and
germplasm accessions, respectively), G(C)y, is effect of
Ith entry within the kth class and was equivalent to 0~,
G, x E; is effect of interaction between /th genotype and
ith environment, and €, is experimental error. Class of
entry was treated as a fixed effect and all other terms
were treated as random effects.

Variance components were estimated by the mixed
model above using the restricted maximum likelihood
(REML) method (Patterson and Thompson 1971). The
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broad-sense heritability (H°) on an entry-mean basis
was calculated based on Lee et al. (2019) with the
variance components as follows: H =6’/ (0%g +
o’ cule + 0°/r), where e is the number of environments
per genotype and r is the total number of replications per
genotype (i.e., 5).

Population structure and GWAS analyses

From a total of 52,041 SNPs obtained from SoyBase
(https://www.soybase.org/snps/), 18,027 SNPs were
excluded: where markers were monomorphic, showed
less than 0.05 minor allele frequency (MAF), or were
missing greater than 10% of genotypic data. A total of
34,014 SNPs were used for this GWAS.

GWAS analysis was conducted using Genomic As-
sociation and Prediction Integrated Tool (GAPIT,
http://zzlab.net/GAPIT), a package for identifying the
genetic potential of individuals (Lipka et al. 2012). As
an analytical method, we used compressed mixed linear
model (CMLM), which functions between the general-
ized linear model and mixed linear model by decreasing
the effective size of the samples by grouping individual
samples (Zhang et al. 2010). Kinship matrix was con-
structed by the genomic relationship method
(VanRaden 2008), which uses the default clustering
algorithm (average) and group kinship type (Mmean)
(Supplemental Fig. S1). Two subgroups were deter-
mined by conducting population structure and principal
component analysis (by origin of the accessions) in our
previous work (Lee et al. 2019). A modified Bonferroni
adjustment for multiple testing was used to determine
the appropriate significance threshold level of o« = 5%
and o = 25%; i.e., —log;o (P) > 5.44 and —log;( (P) >
4.74, respectively, as described in Lee et al. (2019).
Significant SNP markers were compared with previous-
ly reported FA-associated QTL.

Linkage disequilibrium and identification of candidate
genes

We used Haploview 4.2 (Barrett et al. 2005) to obtain
the linkage disequilibrium (LD) matrix from the list of
SNPs and LD blocks as described in Lee et al. (2019). A
maximum distance of 1000 kb and the minimum minor
allele frequency of 0.05 was applied in the four-gamete
method (Wang et al. 2002) with Hardy-Weinberg cutoff
of p value < 0.01 to determine haplotype blocks. Adja-
cent blocks were combined if each block was separated
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by less than 10 kb (Schneider et al. 2016). In LD blocks
where significant SNPs were identified by genome-wide
association analyses, genes located in the LD block
encompassing the SNPs were considered to be position-
al candidate genes for the target trait. G. max genome
assembly version Glyma.Wm82.a2.vl (Gmax2.0) was
used to identify positional candidate genes. Detailed
information of each candidate gene was retrieved from
SoyBase (http://soybase.org).

Results and discussion
Phenotypic analysis

The BLUP values of each trait across all environments
(ALL) showed continuous variation, ranging from 9.1 to
13.7% for palmitic acid, 3.0 to 6.2% for stearic acid,
17.0 to 33.2% for oleic acid, 46.0 to 58.3% for linoleic
acid, and 6.4 to 11.7% for linolenic acid (Fig. la and
Supplemental Table S1). The broad-sense heritability of
each FA was high, 0.94, 0.91, 0.87, 0.86, and 0.94 for
palmitic, stearic, oleic, linoleic, and linolenic acids, re-
spectively (Fig. 1a). Palmitic, stearic, oleic, and linolenic
acids were skewed to lower than the median with the
skewness values of 0.24, 1.58, 0.63, and 0.75, respec-
tively, whereas the distribution of linoleic acid had a
negative skewness of —0.68 (data not shown). Moderate
positive correlation between linoleic acid and linolenic
acid (r = 0.42, p < 0.001) and strong negative correla-
tions between oleic acid and linoleic acid (r=—0.93, p <
0.001), and oleic acid and linolenic acid (r = —0.65, p <
0.001) were observed (Fig. 1). Palmitic acid had a weak
negative correlation with stearic acid (» = —0.18, p <
0.001), a moderate negative correlation with oleic acid (»
=-0.32, p < 0.001), and a moderate positive correlation
with linolenic acid (»=0.27, p < 0.001). Stearic acid had
a weak negative correlation with both linoleic (» =
—0.13, p < 0.001) and linolenic acids (» = —0.23, p <
0.001) (Fig. 1a). These strong correlations (r value of >
|+ 0.3]) were in agreement with the previous report (Li
et al. 2015). Correlation network analysis explicitly ex-
hibited that stearic acid was not clustered with any other
FAs because minimal correlations (» value of < |+ 0.3])
were observed (Fig. 1b). In contrast, oleic, linoleic, and
linolenic acids were tightly clustered together, and this
proximity illustrates high-magnitude correlations among
the three unsaturated FAs, suggesting that genes associ-
ated with the three unsaturated FAs are not independent
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Fig. 1 Correlations for pairs of each trait in soybean seed. a The
pairwise comparison matrix contents based on the Pearson’s cor-
relation coefficient. The numeric values on the X-axis and Y-axis
showed the contents (%) of given variables. Scatter plots of the
correlation and values of the correlation and their significance
levels were placed on the bottom and top of the chart, respectively.
The significance levels were marked with a single (*), a double
(**), and a triple (**%*) asterisks, if P < 0.05, P < 0.01, and P <
0.001, respectively. The distributions of frequency for each fatty

of one another. For example, genes highly associated
with oleic acid are likely to control linoleic acid as well,
due to the strong negative correlation between them
(Martin and Rinne 1986; Kanobe et al. 2015).

Genome-wide association analysis and identification
of candidate genes for FA composition

Under ALL, 14, 146, 2, and 4 SNPs were significant-
ly (5%, —logyo (P) > 5.44) associated with palmitic,
stearic, oleic, and linoleic acids, respectively (data
not shown). Since many of these SNPs follow the
same inheritance pattern, only the most significant
SNP within an LD block is reported if the LD block
contained multiple significant SNPs. This consolidat-
ed the reported data into the most significant SNP
within 6, 30, 1, and 1 LD blocks for the palmitic,
stearic, oleic, and linoleic acids, respectively (Sup-
plemental Table S2). An additional 2, 4, 1, and 1 LD
blocks for the palmitic, stearic, oleic, and linoleic
acids, respectively, encompass SNPs in which the

acid were shown on the diagonal of the panel and the general
density curves were adjusted over the histograms. The broad-sense
heritability (/) for each trait was added at the bottom of matrix. b
Correlation network plot for each fatty acid. The strength of the
correlation was illustrated by both width and transparency of path.
A solid colored, wide path denotes the strong relationship and
values of correlation coefficient were indicated in blue. The value
of correlations set as low as > |+ 0.3| (Toubiana et al. 2012)

most significant association is at the suggestive level
(25%, —log;o (P) > 4.74) (Supplemental Table S2).
No significant SNP associated with linolenic acid
was identified at either genome-wide or suggestive
significant thresholds under ALL.

We also carried out GWAS within each individual
environment: OHW14, OHW15, OHC15, IL15, and
NCI15. A total of 66 LD blocks on 14 different chromo-
somes were significantly identified as FA-associated
QTL (11 for palmitic, 42 for stearic, 5 for oleic, 4 for
linoleic, and 4 for linolenic acids) at a significant or
suggestive threshold (Supplemental Table S3 and Sup-
plemental Fig. S2-S6).

Most significant LD blocks for palmitic acid located
on Chr 5

All identified SNPs under ALL (a = 5%) for palmitic
acid were clustered within six LD blocks in a genomic
region on Chr 5 (Fig. 2a and Supplemental Table S2).
Five out of these six LD blocks were highly significant

@ Springer
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Fig. 2 Manhattan plots (left) and QQ-plots (right) of GWAS for
palmitic (a, f), stearic (b, g), oleic (¢, h), linoleic (d, i), and
linolenic (e, j) acids across environments (ALL) using compressed
mixed linear model. Red and green dots in Manhattan plots
represent the significant SNP markers at genome-wide signifi-
cance threshold level of & = 5% (line) and suggestive significance
threshold level of & = 25% (dashed line), respectively. SNP

in the five individual environments and ALL, while one
LD block with the range of 1,496,131-1,582,267 bp
was significant at only OHC15 and ALL (Supplemental
Table S3). An additional LD block (802,967-939,220
bp) was significantly associated with palmitic acid at
genome-wide significant threshold only under OHW15
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density is presented over the X-axis with the corresponding heat
map to the right of each Manhattan plot. Red lines in the QQ-plots
denote the expected distribution of -log;o-transformed P values
and the region filled in gray indicates the 95% confidence interval.
The SNP markers over the significance threshold level of & = 5%
are represented by red dots.

(Supplemental Table S3 and Fig. S3).
Glyma.05g011100 annotated as 3-oxoacyl-[acyl-carri-
er-protein (ACP)] synthase III (KASIII), which is one
of the key enzymes in FA biosynthesis (Abbadi et al.
2000), was placed within the LD block (884,960—
1,049,939 bp) and this candidate gene is discussed in
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detail in the section of Palmitic acid vs. Stearic acid (see
below). The region between 1,070,290 and
1,274,586 bp on Chr 5 contained FATBla
(Glyma.05g012300) encoding FA acyl carrier protein
(ACP) thioesterase B. The most significant SNP marker
(ss715592495) from this LD block was located 49.3 kb
upstream from FATBIa gene exhibiting an association
with seed palmitic acid content. The allelic effect of
88715592495 under ALL accounted for —0.32% varia-
tion in the seed palmitic acid content (Supplemental
Table S2) and their allelic effects ranged from —0.27 to
—0.41 under five different environments (Table 1). De
Vries et al. (2011) discovered that a SNP on the
GmFATB]Ia resulted in reduction of palmitic acid con-
centration. Also, the mutant alleles of FATBIa have
been shown to decrease palmitic acid concentration to
approximately 4%, which is a 30% reduction compared
to wildtype (Thapa et al. 2016). Further, a large deletion
(254 kb) of the FATBIa in N0304-303-3 (Goettel et al.
2016) and N87-2122-4 (Bachleda et al. 2016) also led to
areduction of palmitic acid in soybean seed. SNPs have
been associated with stearic acid in other GWAS of
soybean seed FA as well (Fang et al. 2017; Zhang
et al. 2018). Zhang et al. (2018) reported the association
of the SNP markers, ss715592503 and ss715592495,
with palmitic acid, and Glyma.05g012300 was located
between these two markers. Thus, we confirmed both
SNPs for strong association with palmitic acid and
Glyma.05g012300 resided in the LD block with
$5715592495.

On Chr 9, ss715605172 within the LD block
(5,606,447-5,690,163 bp) was identified as the
most significant SNP in NC15 (o = 5%) and ALL
(o = 25%) (Supplemental Tables S2, S3 and Fig.
S6). This marker exhibited —0.18% (NC15) and
—0.12% (ALL) of allelic effects for palmitic acid
content and was positioned within the previously
identified protein and oil meta-QTL, mPO9-2 (Van
and McHale 2017). Since soybean oil content con-
sists of relative proportions of five FA concentra-
tions, s$s715605172 could contribute to regulate
quantity of seed oil and palmitic acid.

SNPs ss715578879 on Chr 1 (OHW15, OHC15, and
IL15), ss715581672 on Chr 2 (OHW15), and
85715630888 on Chr 18 (OHW14) were additionally
identified as the most significant SNPs for palmitic acid
(Supplemental Table S3 and Fig. S2-S5). The Chr 18
significant LD block was placed within the previously
known QTL, seed oil 24-12 (Qi et al. 2011).

Most significant LD blocks for stearic acid located
on Chr 14

Under ALL, 30 LD blocks at a 5% level of genome-
wide significance were identified as significantly asso-
ciated with seed stearic acid content on five chromo-
somes (Chrs 3, 5, 11, 13, and 14) (Fig. 2b and
Supplemental Table S2). Nine more environment-
specific LD blocks were detected on four chromosomes
(2, 1, 1, and 5 LD block(s) on Chrs 6, 10, 12, and 14,
respectively) and these were significant under only one
environment (Supplemental Table S3 and Fig. S3-S5).

On Chr 3, ss715618536 was highly significant in
each environment and ALL (Supplemental Tables S2
and S3). The allelic effects were 0.24% for ALL (Sup-
plemental Table S2) and the individual environment
ranged from 0.21 to 0.27% in its allelic effect (data not
shown). Fang et al. (2017) identified this genomic re-
gion associated with three traits, 18-carbon FA (FA18)
content, FA18 ratio (FA18 content/total FA content),
and the ratio of FA18 to 16-carbon FA (FA16) (FA18
content/FA16 content). In addition, this region over-
lapped with a previously reported QTL, cqSeed oil-
005 (Pathan et al. 2013). Within this LD block, the
candidate gene Glyma.03g066200 is annotated as a
polyketide cyclase/dehydrase and lipid transport (lyer
et al. 2001) and is located 30.9 kb from ss715618536.

Glyma.05g095000 encoding pyruvate kinase was
placed within a LD block (24,314,289-25,462,356
bp), which is significant under ALL and NCI15 at
genome-wide and under OHW 15 at suggestive signifi-
cance threshold (Fig. S3, S6 and Supplemental
Tables S2, S3). This gene represents a promising candi-
date for the regulation of stearic acid content by glycol-
ysis and co-localized with QTL for seed oil 3-3 (Mansur
et al. 1996), 38-1 (Rossi et al. 2013), 42-2, and 42-4
(Han et al. 2015). Two significant LD blocks on Chr 6
were identified only under NC15 at genome-wide sig-
nificance level and the KASIII gene of FA biosynthesis
process (Glyma.06g214800) was in one of the LD
blocks (22,036,914-22,733,239 bp) (Supplemental
Table S3). A previously known QTL, seed oil 23-1
(Hyten et al. 2004a), covers these two significant LD
blocks on Chr 6. Thus, these Chr 6 LD blocks are
potential candidate genomic regions for controlling FA
and oil contents, although these genomic regions were
identified only under NC15.

Among two significant LD blocks on Chr 10, the first
LD block (2,789,429-2,924,705 bp) was significant
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Table 1 List of candidate genes, the significant SNP, and environment (allelic effect of significant SNPs in percentage) by the associated
traits and by the major enzymes related to FA biosynthesis and carbohydrate metabolic process

Trait* FATB® SACPD-C? KASII® FBPase’
Pal  Glyma.05g012300 Glyma.05g011100
$s715592495 88715592510
ALL** (=0.32%), OHW 14 (=0.27%), ALL** (=0.21%), OHW 14%* (—=0.20%),
OHW15%* (—0.32%), OHW 15+ (—0.19%),
OHC15%* (=0.36%), OHC15%* (=0.25%),
IL15%* (~0.34%), IL15%* (<0.21%), NC15%% (=0.28%)
NC15%* (=0.41%)
Ste Glyma.14g121400 Glyma.06g214800 Glyma.11g226900,
$s715618427 ss715593906 Glyma.11g227100

ALL** (0.24%), OHW 14 (0.20%),

OHW15%* (0.27%),

$s715610315
OHC15* (<0.16%)

NC15%* (=0.13%)

OHCI15%* (0.26%), IL15%* (0.25%),

NC15%% (0.27%)
Lio

Lin

Glyma.05g011100

88715592508

TL15%* (0.73%)
Glyma.15g050100
$s715621816
OHCI15%** (0.26%)

Estimated allelic effect of alternative allele relative to Williams 82

* Suggestive significance threshold (25%); ** genome-wide significance threshold (5%)

# Pal palmitic acid, Ste stearic acid, Lio linoleic acid, Lin linolenic acid

® FATB acyl-ACP thioesterase, SACPD-C A9-stearoyl-acyl carrier protein-desaturase, KASIII 3-oxoacyl-[acyl-carrier-protein (ACP)]

synthase III, FBPase fructose-1, 6-bisphosphatase

only under OHC15 at 5%, whereas the second LD block
(43,186,362—43,479,482 bp) was significant under both
ALL and OHC15 at 25% (Supplemental Tables S2, S3
and Fig. S4). The first LD block was located within a
previously known QTL, seed stearic 8-9 (Fan et al.
2015), indicating that this LD block is not novel QTL
for stearic acid. Glyma.10g201000 encoding an enzyme
in pyruvate decarboxylation was within the second sig-
nificant LD block on Chr 10. While seed oil 43-33, 43-
34, and 43-35 (Mao et al. 2013) were located between
these two significant LD blocks, no previously known
QTL for FA or oil content overlapped with the second
LD block.

Candidate genes related to metabolic process were
present in each LD block on Chr 11. Under ALL,
Glyma.11g183200 encoding glucan endo-1,3-f3-D-glu-
cosidase and three genes for alcohol-forming fatty acyl-
CoA reductase were candidate genes for controlling
seed stearic acid content (Supplemental Table S2). The
QTL seed oil 24-14 (Qi et al. 2011) covers these two LD
blocks (25,024,963-25,112,193 bp and 25,290,358—
25,423,069 bp), which are significant only under ALL.
One significant LD block on Chr 12 was associated with
palmitic acid only under IL15 and Glyma.12g174300

@ Springer

involving in sphingolipid biosynthesis as a part of lipid
biosynthesis (http://soycyc.soybase.org) (Supplemental
Table S3). Also, this significant LD block overlapped
with the seed oil 44-2 (Leite et al. 2016) and seed
linolenic 12-12 QTLs (Ha et al. 2014).

On Chr 13, ss715616084 was significantly associat-
ed with stearic acid under each individual and ALL
environments (Supplemental Tables S2 and S3). The
allelic effects of this SNP ranged from 0.23 to 0.27%
(data not shown). The LD block (39,293,625-
39,311,323 bp) containing this SNP was located
1.4 Mb away from a previously reported seed stearic
3-1 QTL (Song et al. 2004; Reinprecht et al. 2006).

Out of the significant 30 LD blocks related to stearic
acid, Chr 14 contained 26 significant LD blocks under
ALL (Supplemental Table S2). These LD blocks fell
into two large genomic regions of approximately 6.9
and 6.4 Mb (14,847,459-21,700,497 bp and
34,158,025-40,524,189 bp). These large regions were
coincident with the identified genome-wide association
signals, such as FA18 content, FA18 ratio, and ratio of
FA18 and FA16 (Fang et al. 2017). Meta-QTL, mqSeed
0il-005 (Qi et al. 2011), covers all Chr 14 significant LD
blocks and numerous QTL for palmitic, stearic, linoleic,
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linolenic, or oil contents previously reported by using
bi-parental mapping populations in these LD blocks
(Csanadi et al. 2001; Tajuddin et al. 2003; Spencer
et al. 2004; Panthee et al. 2006; Reinprecht et al. 2006;
Bachlava et al. 2009; Kim et al. 2010; Liang et al. 2010;
Lietal. 2011; Qi etal. 2011; Eskandari et al. 2013; Mao
et al. 2013; Han et al. 2015).

The major stearic acid gene, SACPD-C encoding A9-
stearoyl-acyl carrier protein-desaturase responsible for
converting stearic acid to oleic acid, was identified on
Chr 14 (Gillman et al. 2014). Soybean mutant lines
confirmed that SACPD-C gene plays a role to enhance
stearic acid levels in soybean seeds by deletion of one
SACPD isoform encoding gene (SACPD-C). Radiation-
induced soybean mutants showed moderately increased
stearic acid by 10—15% of seed oil (Gillman et al. 2014)
and one sodium azide-induced mutant line, A6, displayed
remarkably elevated seed stearic acid by up to 28% of the
total seed oil (Zhang et al. 2008). This gene has been
consistently identified in several recent GWAS reports
(Fang et al. 2017; Leamy et al. 2017; Zhang et al. 2018).
Also, our study identified the significant ss715618427
within the LD block (17,442,487-17,590,728 bp) and
this SNP was placed within SACPD-C
(Glyma.14g121400, 17,499,717-17,502,413 bp). The al-
lelic effect of ss715618427 on stearic acid content was
0.24% in this study. Other candidate genes were also
located in these LD blocks on Chr 14. Glyma.14g121200
encoding alcohol dehydrogenase in pyruvate fermenta-
tion is also placed within the same LD block as SACPD-
C. A gene encoding alcohol dehydrogenase
(Glyma.14g156400) was identified as one of the candi-
date genes positioned within the LD block (34,158,025—
34,746,851 bp). Thus, ss715618427 could be a good
marker for selection of soybean lines modifying stearic
acid content in seed.

Among the candidate genes in the Chr 14 LD blocks
significantly associated with stearic acid content, many
genes were related to metabolic pathways. The significant
LD block (16,657,427-17,442,487 bp) contained three
candidate genes, Glyma.14g120200, Glyma.14g120300,
and Glyma.14g120500, and these genes are involved in
lipid degradation, carbohydrate transport, starch biosyn-
thesis, respectively. Glyma.14g123500 encoding sugar
transporter and Glyma.14g124100 encoding glycosyl-
transferase for galactolipid biosynthesis I (http://soycyc.
soybase.org) are candidate genes located within the
significant LD blocks. ss715618492 in the LD block
(18,696,303-19,347,299 bp) containing Glyma.14

g124100 showed 0.26% allelic effect, which is the
highest effect among the most significant SNPs on Chr
14 under ALL (Supplemental Table S2).

Confirmed and predicted genes controlling contents
of palmitic acid vs. stearic acid

FATBIa and SACPD-C are the established primary genes
that control palmitic acid and stearic acid in soybean,
respectively. Our study identified the genomic regions
containing these two genes, which are the LD block asso-
ciated with palmitic acid (Chr 5: 1,070,290-1,274,586 bp)
and the LD block related to stearic acid (Chr 14:
17,442,487-17,590,728 bp). Highest negative allelic effect
(—0.32%) of ss71559245 on Chr 5 indicated this genomic
region is responsible for regulating palmitic acid via
FATBla (Glyma.05g012300) (Table 1). ss715618427 on
Chr 14 was identified as one of the most significant
markers related to stearic acid with 0.24% of allelic effect
and its position was within the 5° UTR region of SACPD-
C (Glyma.14g121400) (Table 1). Thus, our study con-
firmed that FATBIa and SACPD-C are the primary genes
for synthesis of these saturated FAs.

In addition, KASIII encoding 3-oxoacyl-[acyl-carri-
er-protein (ACP)] synthase III was identified as a puta-
tive soybean gene that increases saturated FA contents.
KASIII is the major FA condensing enzyme to produce
the synthesis of very long-chain fatty acids and typically
plays a role in the initiation of FA biosynthesis
(Jackowski and Rock 1987; Walsh et al. 1990; Abbadi
et al. 2000). Interestingly, our study was able to identify
KASIII associated with two different FAs in two differ-
ent genomic regions. One KASIII was placed within a
LD block each on Chr 5 (884,960-1,049,939 bp) asso-
ciated with palmitic acid and Chr 6 (22,036,914—
22,733,239 bp) associated with stearic acid. In the Chr
5 LD block, $s715592510 was significantly associated
with palmitic acid in every individual environment and
ALL (Supplemental Tables S2 and S3).
Glyma.05g011100, putatively encoding a KASIII, was
located only 10.6 kb away from ss715592510. Howev-
er, ss715593906 related to stearic acid in the Chr 6 LD
block was significantly identified only under NCI15
(Table 1 and S3). Glyma.06g214800, also annotated as
KASIII was located 128 kb away from ss715593906.
Thus, these KASIII genes within our significant LD
blocks would be useful for studying genes controlling
contents of palmitic acid and stearic acid.
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The most significant LD blocks for oleic acid located
on Chr 5

Compared to stearic acid, few LD blocks were signifi-
cant for oleic acid. Under ALL, one LD block on Chr 5
was identified at 5% genome-wide levels (Fig. 2 and
Supplementary Table S2). However, additional LD
blocks were detected under specific environment(s).
Environment-specific significant LD blocks were also
identified on Chr 5. One LD block (41,754,397
41,893,109 bp), which is the same LD block under
ALL, was significant in every environment except
OHW14, whereas the second Chr 5 LD block
(41,883,826—42,071,794 bp) was significant only under
IL15 (Supplemental Table S3 and Fig. S95).
Glyma.05g245000 was suggested as the candidate gene
for regulating oleic acid within the second LD block.
This candidate gene was annotated as 3-oxo-5-x-steroid
4-dehydrogenase in lipid metabolic processes and this
enzyme may be involved in catalytic action for very-
long-chain FA elongation with its enoyl-CoA reductase
activity. Arabidopsis mutants disrupted in the gene cod-
ing for enoyl-CoA reductase showed changes in very-
long-chain FA composition of seed triacylglycerols and
sphingolipids (Zheng et al. 2005). A candidate gene is
involved in sphingolipid biosynthesis residues within
the Chr 12 LD block (33,067,511-33,216,359 bp) asso-
ciated with stearic acid. Interestingly, both the second
Chr 5 LD block for oleic acid and the Chr 12 LD block
for stearic acid were significantly identified only under
IL15 at genome-wide significance threshold. Zhang
et al. (2018) reported major-effect QTL for oil content
on Chr 5, including Glyma.05g245000 as a candidate
gene. Also, these two Chr 5 LD blocks were covered by
seed oleic 1-1 (Diers and Shoemaker 1992), seed
linoleic 1-1 (Diers and Shoemaker 1992), seed stearic
6-2 (Wang et al. 2012), and cqSeed 0il-008, 012, and
015 (Pathan et al. 2013). Thus, the second LD block of
Chr 5 (41,883,826-42,071,794 bp) may be an
environment-specific genomic region associated with
both FAs and oil contents.

While the significant LD block on Chr 16 was iden-
tified under ALL only at suggestive significance level, it
remains interesting because Glyma.16g146500 within
this LD block is putatively involved in sphingolipid
biosynthesis (Supplemental Table S2), similarly to the
candidate gene for the stearic acid Chr 12 LD block. The
—0.79% allelic effect of ss715624331 on Chr 16 was
opposite to the allelic effect 0f ss715591644 (1.27%) on
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Chr 5. Like two significant Chr 5 LD blocks, this Chr 16
LD block was positioned near QTLs related to FA (Seed
linolenic 6-4, Li et al. 2011) and oil contents (Seed oil 5-
2, Lee et al. 1996; Seed oil 39-12, Wang et al. 2014;
Seed oil 43-19, Mao et al. 2013).

Linoleic acid and its relationship with other FAs

Under ALL, a single LD block (Chr 5: 41,754,397—
41,893,109 bp) was significantly associated with
linoleic acid (Supplemental Table S2). Additionally,
an LD block on Chr 5 (884,960-1,049,939 bp) that
was significant only under IL15 (Supplemental
Table S3) had also been identified for palmitic acid
across all environments and encompasses KASIII (Sup-
plemental Table S2). Although the most significant SNP
within this LD block is different under each environ-
ment, allelic effects for palmitic and linoleic acids were
compared. Allelic effect for linoleic acid under IL15 was
0.73%, whereas both ALL and IL15 showed —0.21% of
allelic effect for palmitic acid (Table 1). This negative
relationship between palmitic acid and linoleic acid is
also supported by our study (Fig. 1) and other previous
studies (Bachlava et al. 2008; Abdelghany et al. 2019).

One block each on Chrs 5, 11, and 19, which had
environment-specific association with both oleic acid
and linoleic acid, showed the same significance pattern
by environment, regardless of the FA-association. For
example, the Chr 5 block (41,754,397-41,893,109 bp)
was significant for OHW15, OHCI1S5, IL15, and NC15,
the Chr 11 block (11,983,839-12,723,115 bp was sig-
nificant only for OHW14, and the Chr 19 block
(49,750,346-49,887,308 bp) was significant only for
NCI15 (Supplemental Table S3). Our results indicated
a relationship between oleic acid and linoleic acid. Al-
lelic effects of the seven SNP markers (ss715591649,
$s715591647, ss715591644, ss715591642, and
$s715591641 on Chr 5, ss715604038 on Chr 9, and
$s715624331 on Chr 16) associated with oleic, linoleic
acids or both traits indicated a negative relationship
between oleic and linoleic acids, i.e., an allele was
associated with increased oleic acid content and decreas-
ing linoleic acid content or vice versa (Table 2). These
findings are supported by previous studies (Heppard
et al. 1996; Zhang et al. 2015; Matei et al. 2018) sug-
gesting a negative relationship between oleic acid and
linoleic acid as well as by the network association
showing a high correlation between oleic linoleic FA
concentrations (Fig. 1). Among the five SNPs within the
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single LD block (41,754,397-41,893,109 bp) on Chr 5,
85715591644 showed the most significant marker for
both traits (Supplemental Table S2). The allelic effects
of these five SNPs exhibited pleiotropy, with the allelic
effect for oleic acid ranging from 1.03 to 1.27% and the
allelic effect for linoleic acid ranging from —0.95 to
—1.09% under ALL. Previously, we reported that the
same five SNPs on Chr 5 were significantly associated
with seed oil content with a —0.33% allelic effect (Lee
et al. 2019). Instead of showing the typical negative
relationship between protein and oil contents, these five
SNPs had near-zero allelic effects for protein content
(—0.03%) under ALL. Moreover, ss715591638, which
is one of the SNPs placed within the same LD block
(Chr 5: 41,754,397—41,893,109 bp), was identified as
the lead SNP associated with oil by Zhang et al. (2018).
Lee et al. (2019) and this study demonstrated the nega-
tive relationships of oleic acid vs. linoleic acid and oleic
acid vs. oil content and the positive relationship between
linoleic acid and oil content, agreeing with Bachlava
et al. (2008). Thus, this LD block is the important
genomic region for not only oleic and linoleic acid
contents, but also oil content in soybean.

Only environment-specific assocations were observed
for linolenic acid

For linolenic acid, all associations, suggestive or signifi-
cant, were environment-specific (Supplemental Table S3).
On Chr 15, ss715621816 was significantly associated with
linolenic acid under OHC15 (Supplemental Table S3). The
significant LD block was located near reported QTL
(cqSeed 0il-007 and cqSeed 0il-010), which inversely
affect seed protein and oil content (Pathan et al. 2013)
and a meta-QTL, mPO15-2 (3,846,538-3,964,389 bp,
Van and McHale 2017). The LD block with
$s715621816 overlapped with the reported QTL, seed
linolenic 12-4 (Ha et al. 2014). This SNP may contribute
to alteration of linolenic acid content by limiting the carbon
availability toward oil biosynthesis. Within this LD block
(3,937,899-4,110,122 bp) on Chr 15, Glyma.15g050100
and Glyma.15g051100 reside. Glyma.15g050100 puta-
tively encodes an FBPase, a carbon-demanding glycolysis
and sucrose biosynthesis gene. Glyma.15g050100 was
previously suggested as a candidate gene by meta-QTL
for both protein and oil traits (Van and McHale 2017) and
GWAS for both protein and oil contents (Lee et al. 2019).
Glyma.15g051100 encodes phosphatidylserine decarbox-
ylase involved in lipid metabolic process. Thus, this LD
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block associated with linolenic acid is a candidate genomic
region for studying various metabolic processes.

Conclusions

We discovered a total of four novel genomic regions across
all environments (ALL) at genome-wide significance
threshold. One novel genomic region on Chr 5 for palmitic
acid and one novel genomic region each on Chrs 5, 11, and
13 were associated with stearic acid (Fig. 3). Since SNP
markers in these four novel genomic regions can be useful
for marker-assisted selection, haplotype distributions of
these four novel genomic regions were reported (Supple-
mental Table S4). One of the assayed SNPs (ss715626084
on Chr 13, Fig. 3 and Supplemental Table S2) resided
within the coding region of Glyma.13g293100 encoding
Rho family GTPase, participating in the cellular processes,
such as signaling to the cytoskeleton and vesicular traf-
ficking (Nagawa et al. 2010). Additionally, nine
environment-specific novel genomic regions were identi-
fied at a stringent genome-wide significance level. For
palmitic acid, one novel genomic region each was detected
only in OHW15 (Chr 2) and NC15 (Chr 9). For stearic
acid, three novel genomic regions were identified, two
specifically identified in NC15 (Chr 6, shown as a
combined block in Fig. 3), and one specifically identified
in IL15 (Chr 12). One (Chr 11), one (Chr 5), and two (Chrs
9 and 15) novel genomic regions were identified for oleic,
linoleic, and linolenic acids, respectively (Fig. 3).

Our study not only identified novel QTL for FAs, but
also confirmed many known QTL associated with FAs
and oil contents. We were able to locate FATBla
(Glyma.05g012300) and KAS III (Glyma.05g011100),
which are the major genes for regulating the amount of
palmitic acid, within two different LD blocks (Table 2).
Glyma.06g214800 and Glyma.05g011100, both putatively
encoding KASIII enzymes, were identified within QTL
controlling stearic acid and palmitic/linoleic acid, respec-
tively, with the latter possessing a negative allelic effect on
palmitic acid in all environments and a positive allelic
effect on linoleic acid only in IL15 (Supplemental
Table S2). Our study confirmed that SNP ss715618427
was significantly associated with the stearic acid gene,
SACPD-C (Glyma.14g121400). Also, genes putatively
encoding for FBPase (Glyma.11g226900/
Glyma.11g227100 and Glyma.15g050100), one of the
major key enzymes in gluconeogenesis, were identified
within the significant LD blocks associated with stearic
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acid and linolenic acid, respectively, under only specific
environments. Our results are in agreement with previous
studies reporting a complex network among genes con-
trolling FA biosynthesis and interactions of FAs with the
growing environments of the soybean crops.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11032-
021-01216-1.
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