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ABSTRACT

Improved seed composition in soybean [Glycine max (L.) Merr.] for protein and oil quality is one of the major
goals of soybean breeders. A group of genes that act as quantitative traits with their effects can alter protein, oil,
palmitic, stearic, oleic, linoleic, and linolenic acids percentage in soybean seeds. The objective of this study was to
identify Quantitative Trait Loci (QTL) controlling protein, oil, and fatty acids content in a set of Fs.g RILS de-
rived from a cross between lines, ‘MD 96-5722’ and ‘Spencer’ using 5376 Single Nucleotide Polymorphism (SNP)
markers from the lllumina Infinium SoySNP6K BeadChip array. QTL analysis used WinQTL Cart 2.5 software
for composite interval mapping (CIM). Identified, were; one protein content QTL on linkage group (LG-) B2 or
chromosome (Chr_) 14; 11 QTL associated with oil content on six linkage groups LG-N (Chr_3), LG-Al (Chr_5),
LG-K (Chr_9), LG-F (Chr_13), LG-B2 (Chr_14), and LG-J (Chr_16); and sixteen QTL for five major fatty acids
(palmitic, stearic, oleic, linoleic, and linolenic acids) on LG-N (Chr_3), LG-F (Chr_13), LG-B2 (Chr_14), LG-E
(Chr_15), LG-J (Chr_16), and LG-G (Chr_18). The SNP markers closely linked to the QTL reported here will be
useful for development of cultivars with altered oil and fatty acid compositions in soybean breeding programs.
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1. Introduction

Soybean (Glycine max L. Merr.) is one of the major
economic crops in the world for the source of edible oil
and feeds. Traditionally, protein and oil are the primary
seed quality traits of interest for soybean but recently
there is increased demand for altered oil components i.e.,
fatty acids for biofuel and human consumption. The
range of protein and oil content in modern elite soybean
cultivars are 34.9% - 39.6% and 19.0% - 23.5% respec-
“Mention of trade names or commercial products in this publication is
solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the US Department of Agri-

culture.
#Corresponding author.

OPEN ACCESS

tively [1,2]. The oil quality depends on its fatty acid
composition that affects nutritional value, flavor and sta-
bility of the soybean oil. The term “total fatty acid con-
tent” refers to the sum of the five major fatty acid com-
ponents found in soybeans, namely palmitic (C16:0),
stearic (C18:0), oleic (C18:1), linoleic (C18:2) and lino-
lenic acids (C18:3) [3]. The human body can synthesize
palmitic, stearic and oleic acids through metabolism.
Low percentage of palmitic acid in soybean oil is desira-
ble for edible oils which may be able to reduce the risk of
coronary disease [4,5]. A diet with high oleic acid, like
olive oil, has reduced cholesterol that can affect posi-
tively arteriosclerosis and heart disease [6]. Another use
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for modified soybean oils is the production of biodiesel
fuel which has emerged as a potential renewable energy
source to help alleviate environmental concerns. A high
percentage of oleic acid is desirable for biodiesel to en-
hance biodiesel’s oxidative stability [7]. However, a high
percentage of linolenic and linoleic acids are desirable to
increase the energy content of biodiesel and decrease the
gelling temperature. Human can’t synthesize linoleic and
linolenic acids and these two essential fatty acids that
humans have to obtain from food. Linolenic acid is also
essential in photosynthesis and pollen development in
plants, thus it cannot be eliminated from the seed oil [3].
Rancidity and short shelf life in soybean oil are due to
linolenic acid because it can easily be oxidized at the
three double bonds [3]. Separate breeding efforts have
been initiated to alter the fatty acid profile of soybean oil
for human consumption with high oleic acid and low
palmitic and linolenic acids and for biodiesel with the
reverse profile [5].

Protein and oil contents are polygenic quantitative
traits resulted from interactions between multiple genes
and the environment [8]. Gelderman (1975) [9] first re-
ferred such polygenes by an acronym Quantitative Trait
Loci (QTL), a region of genome that associated with an
effect on a quantitative trait. Abundance molecular mar-
kers are necessary to cover the whole genome of soybean
which could identify significant QTL and candidate genes
for quality traits of soybean seeds. Currently, Soy Base
(2013) [10] contains more than 250 QTL for each of seed
protein and oil, all of which have been mapped in many
different populations and environments. Recently, we
identified two QTL for protein and six QTL for oil in the
recombinant inbred lines (RIL) of Pl 438489B and
“Hamilton” [11]. SoyBase (2013) [10]also contains more
than 245 QTL for fatty acid components viz. palmitic,
stearic, oleic, linoleic, and linolenic acids mapped in
many different populations and environments.

Different types of molecular markers have been used
to construct linkage maps and identify QTL in soybean
such as single nucleotide polymorphism (SNP), restric-
tion fragment length polymorphisms (RFLP), simple
sequence repeat (SSR), amplified fragment length poly-
morphism (AFLP), and random amplified polymorphic
DNA (RAPD) [11-19]. Here the Genetic Linkage Map of
Soybean from SNP markers genotyped through Illumina
Infinium BeadChip Array was used. The objective of this
study was to identify QTL associated with protein, oil
and five major fatty acids in theMD96-5722 by ‘Spencer’
recombinant inbred lines (RILs) population.

2. Materials and Methods

2.1. Plant Material and Seed Analysis for
Protein, Oil, and Fatty Acids

Ninety-two Fs; RILs developed by crossing breeding
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line, MD96-5722, with cultivar ‘Spencer’, was used to
generate phenotypic and genotypic data. The population
was grown in a field at Fayetteville State University(FSU)
campus, Fayetteville, NC in 2012 with row spaces of 25
cm generating a plant density of 160,000 plants/ha. No
additional fertilizers or insecticides were used. The expe-
riment was conducted from May 1% to October 4™, 2012.
Seeds at harvest maturity stage were analyzed for protein,
oil, and fatty acids. About 25 g of seed from each line
was ground using a Laboratory Mill 3600 (Perten, Spring-
field, IL), the ground samples were analyzed by near
infrared reflectance using a diode array feed analyzer AD
7200 (Perten, Springfield, IL) [20-22]. Perten’s Thermo
Galactic Grams PLS 1Q software, initially developed by
the University of Minnesota was used for calibrations.
Protein and oil analyses were based on a seed dry matter
basis, and fatty acids were analyzed based on total oil
[21,23].

2.2. Genetic Map and QTL Identification

The ‘MD 96-5722’ by ‘Spencer’ population was geno-
typed using 5,376 SNPs through SoySNP6K Illumina
Infinium BeadChip array. A genetic linkage map [24] was
constructed through Join Map 4 (Kyazma BV, Wagenin-
gen, Netherlands) [25]. Composite interval mapping (CIM)
was used to detect QTL from genotypic and phenotypic
data using WinQTLCart2.5 software
(http://statgen.ncsu.edu/gtlcart/WQTL Cart.htm) [26]. The
Model 6 with four parameters for forward and backward
stepwise regression, 10 cM window size, 1 cM step size
and five (5) control markers were chosen for running
WinQTLCart [26]. The threshold was determined by
permutations tests with 1000 iterations.

3. Results

Table 1 shows approximately normal distribution of
protein, oil and the 5 major fatty acid compositions in the
Fs.; seeds. Both the skewness and kurtosis values for
these traits were <1.00. Variations among RIL lines were
narrow for protein (CV = 3.57%) and oil (4.74%) but
was wider for fatty acids components. For example, vari-
ation for oleic acid was 12.77% and for linolenic acid
was 15.88%.

Composite Interval Mapping (CIM) was used to iden-
tify candidate QTL. Names of QTL against each trait,
linkage group (LG)/chromosome (Chr_), positions of the
QTL with markers (SNP) interval, LOD score, percen-
tage of r’ and additive values presented in Table 2.
Figure 1 also presented positions of QTL on each lin-
kage group. Eight linkage groups namely, LG-N (Chr_3),
LG-Al (Chr_5), LG-K (Chr_9), LG-F (Chr_13), LG-B2
(Chr_14), LG-E (Chr_15), LG-J (Chr_16), and LG-G
(Chr_18) contained 28 QTL for protein, oil and the five
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Table 1. Means and ranges of protein, oil, palmitic, stearic, oleic, linoleic and linolenic acid contents (% on dry based) of soy-
bean cultivar, MD96-5722, ‘Spencer’ and their Fs.; RIL population.

Frequency distribution of

Traits Mean + SD (%) RaF:éI;’(S%) RIL’SCV (%) all populations
Maryland “Spencer” RIL (Fs:5) population Skewness Kurtosis

Protein 47.8+0.27 4550+0.11 4228+ 151 45.81 - 38.40 3.57 0.17 0.04
Qil 18.8+0.44 19.30+0.19 19.78 +£0.93 22.82-17.23 474 0.24 1.14
Palmitic 10.60 +0.71 12.33+0.10 10.14 +0.86 12.33-8.31 8.45 0.16 -0.15
Stearic 3.7+0.08 3.50+0.03 3.56+0.19 412-3.11 5.36 0.19 0.44
Oleic 2410+ 1.67 18.35+0.28 20.39 + 2.60 28.00-15.1 12.77 0.62 0.77
Linoleic 55.6 +0.72 52.58 + 0.68 59.00+1.72 62.63 - 52.82 2.92 -0.75 1.26
Linolenic 6.3+0.31 12.98+0.15 8.84 +£1.40 13.00-5.61 15.82 -0.21 0.14

Table 2. Chromosomal locations and parameters associated with the quantitative trait loci (QTL) of protein, oil and major
fatty acid components in MD 96-5722 and ‘Spencer’ Recombinant Inbred Line populations of soybean.

TRt QL Lol e nterval oy mon e
Protein  gPRO001  B2/14 0.00 0.00 - 1.40 §5248293401-ss248275088 413  0.07 0.38
Qil qOIL001 N/3 0.80 0.00-2.20 §5244929361-s5244932961 266 047 0.34
Qil qOIL002 N/3 20.30 19.2-20.7 §5244980861-ss245114421 297 097 0.16
Oil qOIL003 Al/5 17.60 17.2-17.6 §5245763524-55245763185 2.75 0.1 0.12
Qil qOIL004 K/9 0.40 0.30 - 0.40 §5246875694-ss246860974 269  0.99 0.04
Qil qOIL005 F13 1.20 1.99-1.26 §s247937603-ss247940172 334 012 0.24
Oil qOIL006 B2/14 0.00 0.00 - 3.40 $5248293401-5s248275088 272 112 0.11
Qil qOIL007 B2/14 24.70 24.50 - 25.00 §5248278947-ss248330608 251 116 0.12
Qil qOIL008 B2/14 27.70 27.49 -28.10 §5248308943-ss248309108 340 116 0.12
Oil qOIL009 J/16 23.00 22.96 - 23.03 $5248981433-55248982430 269 051 0.38
Qil qOIL010 JI16 25.60 23.04 - 26.00 §5248982430-s5248982430 381 0.74 0.32
Qil qOIL011 JI16 28.90 28.70 - 30.30 §5248982430-ss249037210 467 0.72 0.41
Palmitic  gqPALO01 N/3 4.80 4.34-5.00 $524494261-55244947608 321 054 0.35
Palmitic  gPAL002 G/18 2.00 1.80-2.02 §5249629157-55249621644 480 0.62 0.98
Stearic  qSTELOO01 J/16 21.60 20.50 - 21.90 §5248977568-55248979552 367 0.23 0.01
Oleic ~ qOLEOO1 F/13 2.29 2.18-2.50 §5247950750-5s247942156 356  0.08 0.49
Oleic qOLEO002 J/16 23.00 22.96 - 24.00 §5248981433-s5248993887 360 0.17 0.93
Oleic qOLEO003 JI16 29.80 29.79 - 29.90 §5249037210-ss249039670 339 032 0.96
Linoleic gqLINLOO1 N/3 4.80 4.34-4.90 $524494261-55244947608 257  0.62 0.49
Linoleic  gLINLO02 J/16 20.6 20.4-21.6 §5248977568-s5248979552 3.01 061 0.19
Linoleic gqLINLOO3 J/16 23.1 22.90 - 24.30 §5248981433-55248993887 351 061 0.48
Linolenic gLINNOO1  F/13 1.50 1.46 - 1.52 §5247957446-5s247965852 381 0.10 0.55
Linolenic gLINNO02  F/13 2.07 1.90-2.20 §s247970215-ss247950750 381 011 0.41
Linolenic gLINN003  B2/14 27.20 27.19 - 27.39 §5248308274-ss248308822 29.7  0.07 0.25
Linolenic gLINNOO4  E/15 1.50 0.80 - 2.50 $5248604753-55248616287 258  0.05 0.44
Linolenic gLINNO05  E/15 4.50 3.30-5.50 §5248604753-55248616287 462  0.05 0.44
Linolenic gLINNO06 J/16 23.00 22.30 - 23.00 §5248980834-s5248981847 274  0.23 0.82
Linolenic gLINNOO7 J/16 29.8 28.70-29.9 $5249010538-5s249039670 3.02 023 0.44

"position of peak LOD value on composite maps described previously [46]; *The positions that define the two LOD intervals around the position of peak like-
lihood for the QTL; *The log of odds (LOD) value at the position of peak likelihood of the QTL; “R? estimates the proportion of RIL mean variance (%) ex-
plained by the detected QTL; "A positive number in additive effect of the QTL indicates that the allele for susceptibility was derived from the line indicated
and a negative number means that the allele for resistance was derived from the line indicated.
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Figure 1. Locations of SNP markers and the QTL that underlie soybean seed protein (qPRO---), oil (qOIL---), palmitic
(qPAL---), stearic (QSTEL---), Oleic (QOLE---), Linoleic (qLINL---) and Linolenic(gLINN---) acid contents (% on dry based)
in the MD 96-5277 by ‘Spencer’ RIL populations. Chr./LGs were drawn using MapChart according to the MD 96-5277 by
‘Spencer’ genetic linkage map [24,47].

OPEN ACCESS AJPS



164 Identification of Quantitative Trait Loci (QTL) Underlying Protein, Oil, and Five Major Fatty Acids’ Contents in Soybean

major fatty acids component. No QTL was found on the
other 12 linkage groups of soybean.

One significant QTL for protein (qQPro001) was identi-
fied on LG-B2 (Chr_14) with LOD scores 4.13. Eleven
QTL (gQil001 to qOilo11) for oil contents were identi-
fied. Within these QTL, two were on LG-N (Chr_3); one
of each was on LG-Al (Chr_5), LG-K (Chr_9), and LG
F (Chr_13). Among the rest six, three QTL was identi-
fied on each LG-B2 (Chr_14) and LG-J (Chr_16). The
LOD scores for QTL of oil ranged between 2.51to 4.67.

There were total of 16 QTL for fatty acids identified;
two for palmitic acid (gPal001 on LG-N/Chr_3 and
gPal002 on LG-G/Chr_18), one for stearic (qSte001 on
LG-J/Chr_16), three for oleic (qOIe001 on LG-F /Chr_13;
qOle002 and qOIle003 on LG-J/Chr_16), three for linole-
ic (gLinl001 on LG-N/Chr_3; gLinl002 and gLinl003 on
LG-J/Chr_16), and seven for linolenic acid (qLinn001
and gLinn002 on LG-F/Chr_13; gLinn003 on LG-B2/
Chr_14; gLinn004 and qgLinn005 on LG-E/Chr_15;
gLinn006 and gLinn007 on LG-J/Chr_16). The result of
QTL analysis provides clue that, parental lines MD 96-
5722 and “Spencer” each have beneficial alleles at dif-
ferent loci controlling protein, oil and fatty acids concen-
trations.

4. Discussion

Linkage mapping has been assisting soybean breeding
programs extensively, by identifying QTL for protein
and oil contents with a range of genetic backgrounds and
in different environments [20,27-29]. Various soybean
lines such as wild and cultivated soybeans and genotypes
from different countries have also been used to explore
seed protein QTL [26,27,29]. Here a QTL for protein on
LG B2 (Chr_14) was identified, which was overlapped
with one of oil QTL (qOil006) on the same linkage group
or chromosome (Table 2, Figure 1). This overlapping or
pleiotropic effect of protein and oil QTL within homeo-
logous regions inferred a rearrangement of the QTL in
homeologous pairs that may occurred due to duplicatio-
nevent [30,31]. Previously six QTL were identified with
SNPs for oil contents (qOil001 - gOil006) in the PI
438489B by Hamilton population [11]; among these six,
two QTL (gOil007 and qQil008) were identified on
LG-B2 (Chr_14). However, their positions were different
from the QTL identified in this study. Another recent
study identified 11 QTL for oil concentration in a RIL
population of “OAC Wallace” and “OAC Glencoe” with
SSR markers on nine different chromosomes; specifical-
lyl (LG-D1a), 7 (LG-M), 9 (LG-K), 12 (LG-H), 13 (LG-
F), 14 (LG-B2), 16 (LG-J), and 17 (LG-D2) [32]. Many
linkage groups mentioned above are common with our
findings regarding oil QTL but the cM positions are dif-
ferent.

The results of QTL analysis showed a total of 16 QTL
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for fatty acids (Table 2, Figure 1). Among these fatty
acids QTL, two QTL associating with palmitic acid iden-
tified on LG-N (Chr_3) and LG-G (Chr_18) with LOD
scores of 3.21 and 4.80 respectively. Reinprecht et al.
also reported a QTL for palmitic acid on LG-N but in
different position [33]. However, not identified here but
were reported earlier palmitic acid QTL on LG-D2,LG-K,
and LG-L by Moongkanna et al., on LG-Al, B2 by Hy-
ten et al,, on J and M by Diers and Shoemaker, on
LG-Al and LG-M by Li et al., and on LG-D1b and
LG-A2 by Panthee et al. [3,34-37]. A QTL and SNP
markers associated with stearic acid content were found
on LG-J (Chr_16) (Table 2, Figure 1). Previously, Diers
and Shoemaker [34] and Panthee et al. [37] also reported
QTL for stearic acid composition on LG-J (Chr_16).
Other groups identified such QTL on different linkage
groups such as, Panthee et al., Brummer et al., and Spen-
cer et al. on LG-B2 [37-39]. Moongkanna et al. located
QTL on LG-AL, C2, E, and O [3]. More stearic acid QTL
were also mapped on LG-C2, L by Hyten et al., on LG-F,
G, M by Reinprecht et al., and on LG-B2 by Spencer et
al. [33,34,39].

Three QTL for oleic acid were identified on LG-F
(Chr-13) and LG-J (Chr-16) with LOD scores ranged
from 3.39 to 3.60 (Table 2, Figure 1). The findings here
on oleic acid QTL are different from many other reports.
For example, Moongkanna et al. located 8QTL linked to
high oleic acid percentage on LG-Al, G and H [3]; Pan-
thee et al. reported a QTL on LG-E [37]; Monteros et al.
reported 2 QTL on LG-A1, D2 and G [40]; Hyten et al.
(2004) reported 2 QTL on LG-D1b and L [34]; and
Bachlava et al. were on LG-I, L and O [41]. Three QTL
underlying linoleic acid content were identified on two
different LG-F (Chr_13) and LG-J (Chr_16) (Table 2,
Figure 1). One QTL was identified by Hyten et al. at
different position but on the same LG-F, they also de-
tected another QTL on LG-L [34]. No similar positions
or linkage groups were so far found for linoleic acid
contents from the past studies. For example, Moongkan-
na et al. identified seven SSR markers associated with
linoleic acid on LG-A1, G, H, and Panthee et al. found a
QTL on LG-E [3,37].Based on our CIM analysis, there
were 7 linolenic acid QTL identified and these are lo-
cated on LG-F (Chr_13), LG_B2 (Chr_14), LG-E (Chr_15),
and LG-J (Chr_16) (Table 2, Figure 1). QTL for lino-
lenic acid was earlier reported on LG-E, G, H by Moon-
gkanna et al., [3] on LG-B2 by Spencer et al., and Byrum
et al. [39,42], on LG-C2, E, H, O by Shibata et al. [43],
LG-E, K by Diers and Shoemaker [35], on LG-E, G by
Panthee et al. [37], on LG-F, L by Hyten et al. [34] and
on LG-E, K by Reinprecht et al. [33]. The finding here of
linolenic acid QTL on LG-E and LG-F are in agreement
with some earlier reports cited above.

Some of the QTL among 28 identified here on specific
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linkage groups or chromosomes were common to the
past studies but the positions of the QTL were different.
This may be because many of the previous QTL were
discovered through simple linear regression methods
(SIM) not by composite interval mapping (CIM), also
they used different types of markers, different popula-
tions and plant populations also grow in different envi-
ronments. In past studies, there was also few identical
QTL identified in same experimental population grown
in different environments by different researchers or in
different years [44,45]. Although the development of a
more saturated genetic linkage map would enhance the
chance of identification of more QTL of protein, oil and
fatty acids, especially within the gaps in our current ge-
netic map, multiple location experiments are needed to
determine the QTL environmental stability.
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