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Abstract Soybean is a primary source of vegetable
oil, accounting for 53 % of the total vegetable oil
consumption in the USA in 2013. Soybean oil with
high oleic acid and low linolenic acid content is
desired, because it not only improves the oxidative
stability of the oil, but also reduces the amount of
undesirable trans fat production by the hydrogenation
processing. The mutant FAD2-IA and FAD2-1B
alleles contribute to an elevated oleic acid level, while
mutations in FAD3A and FAD3C lead to a reduction in
linolenic acid levels of soybean seed oil. Although
single nucleotide polymorphism (SNP) SimpleProbe
assays have been developed for these genes, breeder-
friendly and high-throughput marker systems are
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needed for large-scale selections in soybean breeding
programs. TagMan or Kompetitive Allele Specific
PCR assays were successfully developed to detect and
discriminate mutant alleles of FAD2-1A (17D and PI
603452 sources) and FAD2-1B (PI 283327 source) for
the high oleic acid trait, as well as those of FAD3A
(CX1512-44 and C1640 sources) and FAD3C
(CX1512-44 source) for low linolenic acid content
soybean. The accuracy of the assays was validated
using multiple populations as well as a panel of diverse
soybean lines, and a perfect association was observed
between the SNP alleles and their corresponding fatty
acid phenotypes. These marker assays have been
proven to be robust and reliable for detecting mutant
and wild-type alleles and thus will assist forward and
backcrossing breeding of soybean lines with desired
oil profiles in an accurate and efficient manner.
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Introduction

Soybean [Glycine max (L.) Merr.] is one of the most
important vegetable oil providers, representing 53 %
of the total vegetable oil consumption in the USA in
2013 (http://www.soystats.com/2014). Commercial
soybean oil typically contains 11 % palmitic acid
(16:0), 4 % stearic acid (18:0), 25 % oleic acid (18:1),
52 % linoleic acid (18:2), and 7 % linolenic acid
(18:3) (Fehr 2007). Despite the nutritional benefits of
unsaturated fatty acids, the high levels of linoleic and
linolenic acids in soybean oil result in low oxidative
stability and rapid rancidity, which would significantly
reduce food storage time (Warner and Fehr 2008).
Thus, soybean oil has partially been hydrogenated to
reduce the amount of unstable polyunsaturated fatty
acids for industrial and food applications. This
hydrogenation process introduces undesirable trans
fats, which are believed to be linked to many health
concerns, such as risks of obesity, heart diseases, and
high levels of cholesterol (Gebauer et al. 2007;
Mozaffarian et al. 2009; Katan 1998). The US Food
and Drug Administration recently released a final
determination indicating that the health risks are
associated with the consumption of trans fat. There-
fore, soybean oil with high oleic and low linolenic
acids is desired because the monounsaturated fatty
acids not only provide higher oxidative stability to
increase the oil shelf life, but also eliminate the need
for trans fat production during food processing.

The molecular genetic basis of high oleic acid
soybeans has been found to be the result of mutations
in two microsomal delta 12 fatty acid desaturase two
enzymes, FAD2-1A (Glymal0g42470) and FAD2-1B
(Glyma20g24530), which are responsible for the step
of conversion of oleic acid (18:1) precursors to linoleic
acid (18:2) precursors in the soybean seed lipid
biosynthesis pathway (Schlueter et al. 2007; Pham
et al. 2010). FAD2-IA and FAD2-IB are mainly
expressed in developing seeds and thus were consid-
ered as candidate genes in controlling oleic acid levels
in soybean seeds (Pham et al. 2010). Therefore, they
have been selected as target genes for improving the
oleic acid in breeding programs (Tang et al. 2005;
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Pham et al. 2010). Mutant alleles of FAD2-1 have been
identified from different sources with elevated oleic
acid levels (Table 1) (Pham et al. 2010, 2011). In
addition, EMS treatment introduced a missense G¥A
mutation in the coding sequence of FAD2-1A gene in
line 17D, resulting in an amino acid change (Dierking
and Bilyeu 2009). This missense mutation led to the
increase in oleic acid content in seed oil up to 37 % of
the total. PI 603452 that has the similar amount of
oleic acid content in the seed oil as 17D was also
identified by screening the USDA Soybean Germ-
plasm Collection (Pham et al. 2011). A single
nucleotide deletion was found in the exon of FAD2-
1A gene from PI 603452, which introduced a frame
shift of the translation and resulted in a truncated, non-
functional protein. Moreover, PI 283327 and PI
210179 exhibit elevated oleic acid level by 10 %
and both accessions were shown to possess a mutant
allele of FAD2-1B (Pham et al. 2010). These two lines
have eight single nucleotide polymorphisms (SNPs) at
second exon of FAD2-1B, compared to the reference
genome of Williams 82, which resulted in three amino
acid changes: S86F, M126V, and P137R. Sequence
and association analyses using recombinant inbred
lines (RILs) of FAD2-1B mutant suggested that the
P137R mutation has a disruptive effect on the enzyme
function and that the mutant alleles were associated
with the elevated oleic acid content (Pham et al. 2010).

Three loci are associated with linolenic acid content
in soybean seed oil, designated as fanl, fan2, and fan3
(Fehr et al. 1992; Rennie and Tanner 1991; Fehr and
Hammond 2000). Three versions of omega-3 fatty
acid desaturase (FAD3) underlie the three fan loci and
are responsible for the conversion of linoleate to
linolenate: FAD3A (Glymal4g37350/fanl), FAD3B
(Glyma02g39230/fan3), and FAD3C (Glymal8g06
950/fan2) (Bilyeu et al. 2003, 2011; Pham et al. 2014).
The mutant alleles of FAD3 have been identified from
several sources with the reduced linolenic acid content
(Table 1) (Chappell and Bilyeu 2006; Bilyeu et al.
2005, 2006). The combination of mutations at all three
FAD3 loci significantly reduces the linolenic acid
level in seed oil to 1 % in newly developed soybean
lines (Bilyeu et al. 2006, 2011). C1640 was the first
reported low linolenic acid mutant soybean line with
an average of 3.4 % linolenic acid, while the level of
linolenic acid is about 7-10 % in wild-type lines
(Wilcox and Cavins 1985; Chappell and Bilyeu 2006).
A mutation of G’*®A at the FAD3A locus in C1640
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Table 1 Sources of FAD2-1 and FAD3 genes and SNP positions®

Gene Glyma 1.1 Source (allele) and base change Alternate source (allele) and base change
GmFAD2-1A Glymal0g42470 (17D:S117N)10:G49417395A (PI 603452:indel)10:A49417588-
GmFAD2-1B Glyma20g24530 (PI 283327:P137R)20:C34178682G

GmFAD3A Glymal4g37350 (C1640:W266%)14:G46650032A (CX1512-44:splice)14:G46650019A
GmFAD3B Glyma02g39230 (A29:splice)02:C44500280T

GmFAD3C Glymal8g06950 (A29:H304Y)18:C5621586T (CX1512-44:G128E)18:G5620105A

? Data summarized from Bilyeu et al. (2011), Chappell and Bilyeu (2006), Pham et al. (2010, 2011)

results in a premature stop codon and thus a non-
functional enzyme. Genetic studies demonstrated that
the mutation in the FAD3A gene in C1640 is
associated with the reduced linolenic acid content
(Chappell and Bilyeu 2006). The seeds of another low
linolenic acid soybean line, CX1512-44, contained
about 3 % linolenic acid (Bilyeu et al. 2005, 2011).
The characterization of three FAD3 genes from
CX1512-44 and association analysis revealed that
novel mutations in FAD3A and FAD3C contributed to
the reduced linolenic acid content of this soybean line.
A mutation of G®'°A was identified in FAD3A at the
first nucleotide following the sixth exon, resulting in
misspliced mRNA and failure to produce the authentic
amino acid sequence of the protein. FAD3C in
CX1512-44 has a SNP of G**’A that led to the amino
acid change of G128E in a highly conserved region.
Efforts have been made to develop molecular
markers for all of the above loci to facilitate the
breeding of high oleic acid and low linolenic acid
soybean lines. SimpleProbe SNP assays were devel-
oped for FAD2-1A (17D) (Pham et al. 2012), FAD2-
1B (PI283327) (Pham et al. 2010), FAD3A (CX1512-
44 and C1640), and FAD3C (CX1512-44) (Bilyeu
et al. 2011) to select these genes. Cleaved amplified
polymorphic sequences (CAPS) were also used to
distinguish the mutant and wild-type FAD3A alleles
from C1640 (Chappell and Bilyeu 2006). However,
these assays require DNA with higher quantity and
quality, and longer processing time compared to the
TagMan SNP assays (Chantarangsu et al. 2007,
Houghton and Cockerill 2006). Therefore, the goals
of this study were to (1) develop breeder-friendly,
robust TagMan (Life Technologies, Carlsbad, CA,
USA) or Kompetitive Allele Specific PCR (KASP)
(LGC, Petaluma, CA, USA) assays to detect SNPs
associated with high oleic acid and low linolenic acid
traits for high-throughput marker-assisted selection,

and (2) validate these SNPs across diverse soybean
germplasms.

Materials and methods

Populations, plant materials, and DNA extraction
for genotyping

Two BC;F, populations obtained from backcrossing
programs were used for the validation of FAD2-1
markers. Parent 1 was G00-3213 or G00-3880, which
are high-yielding lines developed at the University of
Georgia, and parent 2 was progeny selections from the
cross of S06-4649RR x (17D x S07-14788), which
carried a high oleic acid trait developed at University
of Missouri, Portageville, MO (Pham et al. 2010). 17D
is a soybean line developed by mutagenesis with 35 %
oleic acid (Dierking and Bilyeu 2009) and possesses
the FAD2-1A mutant. S07-14788 was selected from an
Fg¢ RIL of Jake x PI 283327 developed at the Delta
Research Center at Portageville, MO. BC3F, seeds
were planted at Plant Science Farm in Athens, GA, and
leaf samples were collected from each individual plant
for DNA extraction. At harvest, five seeds from each
plant were used for fatty acid analysis.

The materials used to validate the FAD3A (C1640
source) marker were two BC;F, populations derived
from the cross of G00-3213 x [Benning low lin/low
palm] and G00-3880 x [Benning low lin/low palm].
Benning low lin/low palm is a near-isogenic line (NIL)
carrying reduced palmitic acid (N87-2212-4 source)
and linolenic acid (C1640 source) traits, which was
developed at the University of Georgia. The BC;3F,
seeds were planted at Plant Science Farm in Athens,
GA, and leaf samples were collected from each
individual plant for DNA extraction. Five seeds from
each plant were used for fatty acid profiling.
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Two BC,F, populations were used for the valida-
tion of FAD3A and FAD3C from the CX1512-44
source. The recurrent parents were G00-3213HO or
G00-3880HO with the high oleic trait. The other
parent was TN10-5002 developed at the University of
Tennessee (Knoxville, TN, USA), which has the low
linolenic acid trait from the CX1512-44 source.
BC,F, seeds were harvested from the winter nursery
in Puerto Rico, and 60 seeds from each of three
BC,F, plants for each population were chipped with a
razor blade into two pieces: Y4 seed for fatty acid
profile analysis and % seed with the embryo for
planting in the greenhouse for DNA sampling. Of 180
chipped seeds planted for each BCF, population,
123 seeds from the G00-3880HO population and 150
seeds from the G00-3213HO population germinated
and leaf tissue were collected from these plants for
DNA extraction.

Leaf samples collected from greenhouse-grown
seedlings or field-grown plants were arranged into
96-well plates. After sampling, the leaf samples were
immediately dried at 55 °C for 24 h and were ground
using GenoGrinder (SPEX SamplePrep, Metuchen,
NIJ, USA) with a single BB (Daisy, Rogers, AR, USA)
in each well at 1600 rpm for 2 min. One hundred and
twenty soybean germplasms, including 33 North
American soybean ancestral lines defined by Gizlice
et al. (1994) and 87 plant introductions (PI) and
soybean cultivars, were also selected for validation of
the SNP marker assays (Table S1). Fifteen seeds were
planted in greenhouse for each line in this panel. At
least 10 leaves were pooled in 50 ml conical tube
(VWR International, Radnor, PA, USA) with one from
each plant. Samples were freeze-dried for 48 h and
then ground using GenoGrinder with 10 BBs at
1600 rpm for 2 min. DNA was extracted as previously
described (Keim et al. 1988).

Development of TagMan and KASP assays

TagMan assay primers and probes were designed
using Primer Express 3.0.1 software to detect mutant
SNPs in FAD2-IA (17D), FAD2-1B (PI 283327),
FAD3A (C1640), FAD3A (CX1512-44), and FAD3C
(CX1512-44) based on the sequences published
(Dierking and Bilyeu 2009; Pham et al. 2010; Bilyeu
et al. 2005; Chappell and Bilyeu 2006). Each assay
consists of one primer pair to amplify amplicons
ranging from 141 to 167 bp, and two SNP-containing
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probes labeled with VIC (wild type) and FAM
(mutant) dyes, respectively.

PCRs were conducted in a 4-pL reaction system
with 2 pL template DNA (5-10 ng/pL), 1.8 pL of 2x
TagMan Universal master mix (Life Technologies,
Carlsbad, CA, USA), and 0.2 pL of 5x assay mix
(final concentration of 0.255 uM for each primer and
0.05 uM for each probe). PCR conditions for TagMan
marker assays were as follows: 95 °C for 10 min,
followed by ten cycles of touch down PCR from 68 to
60 °C with 0.8 °C decrease per cycle, then followed
by 30 cycles of 92 °C for 15 s and 60 °C for 1 min.

An KASP assay was developed to detect the
previously reported SNP in FADI-2A (PI 603452)
(Pham et al. 2011). Primer sequences are listed in
Table 2. The KASP assays were performed with 4-pL
reaction system including 1.894 pL. low rox KASP
master mix (KBiosciences, Herts England), 0.106 pL
of primer mix (0.318 uM of each forward primer at
final concentration), and 2 pL. of genomic DNA
(10-25 ng/pl). The PCR condition for KASP assay
was 94 °C for 15 min, followed by 10 cycles of touch
down PCR from 68 to 60 °C with 0.8 °C decrease per
cycle, then followed by 30 cycles of 94 °C for 20 s and
57 °C for 1 min.

The PCR plates for both TagMan and KASP assays
were read with Tecan M1000 Pro Infinite Reader
(TecanGroup Ltd, Morrisville, NC, USA), and the
reader files were imported into Kluster Caller software
(LGC, Petaluma, CA, USA) for visualization of
clusters and SNP allele calling.

Fatty acid profile and association analysis

The fatty acid profiles of the validation populations,
soybean ancestral lines, and cultivars were performed at
the USDA Molecular Genetics Laboratory at the
University of Missouri-Columbia using five whole
seeds or the 4 seed chips depending on populations. The
fatty acid profile was analyzed by following the methods
as previously described (Beuselinck et al. 2006). The
results were presented as the relative percentage of each
fatty acid class in the whole extracted oil fraction for
each sample. The fatty acid profiles of 81 plant
introductions (PIs) included in the diverse panel were
acquired from the USDA Germplasm Resources Infor-
mation Network (http://www.ars-grin.gov).
Association analysis of genotypes with oleic and
linolenic acid contents was performed using single-
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Table 2 Primer and probe sequences of TagMan/KASP assays

Assay name

Primer/probe
name

Sequence

GSMO029 (FAD2-1A_PI 603452)
KASP

Forward_FAM
Forward_VIC

Common reverse

GAAGGTGACCAAGTTCATGCTGACGAGAAGAGAAACAGCCCTT
GAAGGTCGGAGTCAACGGATTGACGAGAAGAGAAACAGCCCTC
GGTTTTCCAAGTACTTAAACAACCCTCTA

GSM257 (FAD2-1A_17D) Forward CAAGGTTGCCTTCTCACTGGT
TagMan Reverse TTGAGTGAAGGGTCAAACCCAC
Probe 1_FAM ATGCCTTCAACAAGT
Probe 2_VIC ATGCCTTCAGCAAGTA
GSM256 (FAD2-1B_PI 283327)  Forward TGGGTTTGACCGTTCACTCAG
TagMan Reverse GAGGGTTGTTCAGGTACTTGGTGT
Probe 1_FAM TAGTCCGTTATTTCTC
Probe 2_VIC TTAGTCCCTTATTTCTC
GSM329 (FAD3A_C1640) Forward GATATTTGTTATGTGGCTGGACT
TagMan Reverse AGCTATTATCTAGCATTAACCTCAAA
Probe 1_FAM CTGCCTTGATATCG
Probe 2_VIC CTGCCTTGGTATCG
GSM254 (FAD3A_CX1512-44)  Forward CATGGTCATCATCAGAAACTGC
TagMan Reverse AGCTATTATCTAGCATTAACCTCAAA
Probe 1_FAM TTGTTATCTTGCCGCGAT
Probe 2_VIC TTGTTACCTTGCCGCGA
GSM255 (FAD3C_CX1512-44)  Forward AGTCCTTTGTTGAACAGCATTGT
TagMan Reverse AAATGGTTAGGTTGTTAAATCAGACC
Probe 1_FAM CATGAATGGTCGGTTC
Probe 2_VIC CATGGATGGTCGGTT

factor analysis of variance in SAS 9.3 (SAS Institute,

2013).

Results and discussion

To improve the marker assays for FAD2-IA (17D
source) and FAD2-1B (PI 283327 source), we suc-
cessfully developed robust TagMan assays for both
genes based on the SNPs reported by Dierking and
Bilyeu (2009) and Pham et al. (2010) and the markers
were encoded as GSM257 and GSM256, respectively
(Table 2). To validate these marker assays, we
performed the association analysis of oleic acid
content and FAD2-]/A and FAD2-IB marker geno-
types using two BC;F, populations. These populations
segregated for mutant FAD2-1A and FAD2-1B alleles
derived from 17D and PI 283327, respectively. A clear
separation of three genotype clusters with these two
markers was observed (Fig. 1a). The seeds with only

one FAD2-] mutation showed only marginal increase
in oleic acid content, though the elevation is statisti-
cally significant (Table 3), which is consistent with the
previous study (Pham et al. 2010). All of the seeds
with combined mutations of both FAD2-IA and
FAD?2-1B exhibited a significant increase in oleic acid
content with an average of 77.1 %. Statistical analysis
with general linear models (GLM, SAS 9.3) showed a
significant correlation between the seed oleic acid
level and the interaction of the two SNP markers
(R2 = 0.77, P <0.001). Because the plants were
selected based on the marker genotypes for fatty acid
analysis, not all combinations were included. The
heterozygotes showed an intermediate level of seed
oleic acid content compared to homozygous wild type
and mutant (Table 3), indicating that both mutations
behave as incompletely dominant and dosage-depen-
dent alleles.

Similarly, three robust TagMan marker assays were
developed for FAD3A (C1640 and CX1512-44) and
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Fig. 1 Graphs of five
TagMan marker assays.

a Representative SNP
graphs of two TagMan
assays of GSM257 (17D
source) and GSM256 (PI
283327 source) (samples
from one 96-well DNA
plate) for the BC3F,
population of GOO-

3213 x [S06-

4649RR x (17D x S07-
14788)]. b Representative
SNP graphs of two TagMan
assays of GSM254 and
GSM255 (CX1512-44)
(samples from one 96-well
DNA plate) for the BC,F,
population of GOO-

3213 x TN10-

5002. ¢ Representative SNP
graph of the TagMan assay
of GSM329 (C1640 source)
(samples from one 96-well
DNA plate) for the

BC;F; population of GOO-
3213 x [Benning low lin/low
palm]. MUT mutant
homozygous genotypes,
HET heterozygous
genotypes, WT wild-type
homozygous genotypes,
NTC no template controls

FAD3C (CX1512-44) based on the SNPs reported
previously (Chappell and Bilyeu 2006; Bilyeu et al.
2005) for the selection of low linolenic acid content
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soybean, and they were designated as GSM329,
GSM254, and GSM255, respectively (Table 2). To
validate the marker assays of GSM329, we used two
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Table 3 Average oleic acid content of different genotypes
determined by the markers GSM257 and GSM256 in two
BC;F, population consisting of 188 individuals derived from

G00-3213 x [S06-4649RR x (17D x S07-14788)] and GO0O-
3880 x [S06-4649RR x (17D x S07-14788)], respectively

Average of 18:1 (%) GSM256 (FAD2-1B)

GSM257 (FAD2-1A) Heterozygote (Bb)

Mutant (bb) Wild type (BB)

Heterozygote (Aa) NA®
Mutant (aa) 48.1
Wild type (AA) NA

42.6 NA
77.1 32.7
30.7 23.6

% NA indicates that the plants were not advanced for fatty acid analysis based on the genotypes

BC;F, populations derived from G00-3213 x [Ben-
ning low lin/low palm] and G00-3880 x [Benning
low lin/low palm]. DNA samples for genotyping were
collected from a combined total of 248 field plants
from two populations, and the fatty acid profiles were
obtained from a composite of five seeds from each
plant. The TagMan assay of GSM329 showed a clear
separation and tight clusters of three genotypes
(Fig. 1c). The seed linolenic acid content showed a
significant reduction to 6.8 % in heterozygous plants
compared to wild type, and a further decrease to the
average of 4.8 % was observed in the mutant geno-
types (Table 4). A strong association was observed
between the seed linolenic acid content and FAD3A
(C1640) genotype with R> = 0.81 (P < 0.001).
Furthermore, we performed association analysis of
TagMan marker GSM254 and GSM255 with two
BC,F, segregation populations of G00-3213HO x
TN10-5002 and G00-3880HO x TN10-5002 for low
linolenic acid content. The TagMan marker assays
performed well with a clear separation of three clusters
(Fig. 1b). The plants possessing wild-type alleles for
both FAD3A and FAD3C showed 5.8 % linolenic acid
content; in contrast, the double mutant plants exhib-
ited a significantly decreased level of 1.9 % (Table 5).
An intermediate level of linolenic acid was observed

Table 4 Average linolenic acid content of different genotypes
determined by the marker GSM329 in two BC;F, populations
consisting of 248 individuals derived from GO00-
3213 x [Benning low lin/low palm] and G00-3880 x [Ben-
ning low lin/low palm], respectively

GSM329 (FAD3A_C1640) Average of 18:3 (%)

Wild type (AA) 8.7
Heterozygote (Aa) 6.8
Mutant (aa) 4.8

in the single homozygous mutant when compared to
the double mutant and wild type, and the heterozy-
gotes also have an intermediate linolenic acid content
when compared to wild type and mutant within a
single FAD3 locus (Table 5), indicating that both
FAD3 genes function in a dosage-dependent manner.
Statistical analysis using general linear models (GLM,
SAS 9.3) showed a strong correlation between the
linolenic acid content and both FAD3A and FAD3C
genes with R? = 0.60 (P < 0.001). An KASP marker
assay has been also developed for FAD2-1A from the
PI 603452 source based on the single nucleotide
deletion previously reported (Pham et al. 2011) and
was designated as GSM029 (Table 2). The marker
assay was robust and routinely used for genotyping in
our breeding programs (data not shown).

To validate the robustness of these SNP assays
across different genetic backgrounds, we also tested
these markers with a diverse panel of soybean
germplasms consisting of 33 North American soybean
ancestral lines and 87 PIs and soybean cultivars
(Table S1). The result indicated that all the lines tested
possess wild-type alleles for both GSM256 (FAD2-
1B) and GSM257 (FAD2-1A), except for two original
sources, 17D and PI 283327, and two experimental
lines, S12-11641 and S12-11711, which are high oleic
lines derived from the sources of 17D and PI 283327
(Table S1). As expected, the oleic acid level of these
two lines is significantly higher than that of others. All
120 lines carry the wild-type allele of GSMO029
(FAD2-1A) and have 16-27 % oleic acid content
except for the original source PI 283327. Three lines:
PI 506582, PI 417360, and Jogun have relatively
higher oleic acid level (44.5, 50.3, and 40.7 %,
respectively), but do not carry the target mutant alleles
at either FAD2-1A or FAD2-1B loci. This is similar to
what has been reported for a number of wild soybean
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Table 5 Average linolenic acid content of different genotypes determined by the marker GSM254 and GSM255 in two BC,F,
populations consisting of 260 individuals derived from G00-3213HO x TN10-5002 and G00-3880HO x TN10-5002, respectively

Average of 18:3 (%) GSM255 (FAD3C)

GSM254 (FAD3A) Heterozygote (Cc)

Mutant (cc)

Wild type (CC) Total average

Heterozygote (Aa) 3.8
Mutant (aa) 2.5
Wild type (AA) 4.7
Total average 3.7

3.1
1.9
43
3.1

4.2 3.6
32 2.5
5.8 4.9
4.4 3.6

lines with elevated oleic acid content by Pham et al.
(2011). This suggests that these lines might carry other
mutant alleles conferring high oleic content other than
FAD2-] alleles from the sources of 17D, PI 283327,
and PI 603452. A follow-up study is necessary to
confirm this hypothesis.

We also genotyped the panel of validation lines with
low linolenic TagMan assays, GSM329 (FAD3A),
GSM254 (FAD3A), and GSM255 (FAD3C). The
wild-type allele of GSM329 (FAD3A), present in all
the lines except the original donor source C1640 and
Benning low lin/low palm, agrees with their normal
linolenic acid levels. Benning low lin/low palm is an
NIL of Benning with the low linolenic and low palmitic
acid traits introgressed from C1640 and N872122-4
(Burton et al. 1994). Similarly, all the lines genotyped
possess wild-type alleles for both GSM254 (FAD3A)
and GSM255 (FAD3C) except the soybean line TN10-
5002 (Dr. Vince Pantalone, unpublished data), which
was derived from the original donor, CX1512-44.

Two lines PI 506582 and PI 417360 have a
relatively low level of linolenic acid, but carry wild-
type alleles at both FAD3A and FAD3C variant SNPs
queried. The low level of linolenic acid in these lines
could be influenced by high oleic acid content, or the
lines possess different alleles which control low
linolenic acid. Two high oleic lines, S12-11641 and
S12-11711 also have a relatively low level of linolenic
acid, which was affected by high oleic contents in
these lines. In summary, all these SNP allele calls were
consistently corresponding to expected phenotypes,
suggesting that these markers are functional and
robust, and can be employed across different genetic
backgrounds for marker-assisted selection.

The genetic basis of high oleic acid and low
linolenic acid content in certain sources has been
elucidated, and the functional SNP markers have been
identified (Schlueter et al. 2007; Pham et al. 2010;
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Tang et al. 2005; Dierking and Bilyeu 2009; Bilyeu
et al. 2005, 2006; Chappell and Bilyeu 2000).
However, the existing SNP marker assays are not
robust enough to be applied in soybean breeding
programs with high-throughput settings. In this study,
we have developed robust TagMan or KASP func-
tional marker assays for FAD2-1A (17D), FAD2-1A
(PI 603452), and FAD2-1B (PI 283327) for the
selection of high oleic acid content soybean from
three sources, and FAD3A (C1640), FAD3A (CX1512-
44), and FAD3C (CX1512-44) for the selection of low
linolenic acid content soybean from two sources.
TagMan SNP marker assays are increasingly being
applied in fungus, plant, and animal research because
of their advantages over other assays (Kim et al. 2010;
Giancola et al. 2006; Kulik 2011; Shen et al. 2009;
Mori et al. 2008). They are high throughput and
cost/time-efficient with low requirements of DNA
concentration and quality (e.g., DNA extracted from
soybean seeds), easy sample preparation, and simple
PCR running protocol. The chemistry of TagMan
assays offers flexibility in designing markers with high
allelic specificity, which makes the assays extremely
accurate and robust. The clustering of data points from
the assay makes the genotyping results straightforward
and greatly benefits the SNP allele calling process.
Moreover, it has been previously shown that the
TagMan assay is also powerful for detecting DNA
deletions (Pham et al. 2014; Fedick et al. 2012).
Soybean seed oil composition, especially high oleic
acid and low linolenic acid content, is of tremendous
interest to consumers because of its nutritional
importance and industrial applications. Breeding of
high oleic acid and low linolenic acid content soybean
cultivars becomes one of the most important breeding
goals. The SNP TagMan marker assays we developed
for the selection of favorable oil composition from
certain sources are robust in separating wild type,
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mutant, and heterozygote and provide more accurate
results compared to other available marker assays.
Therefore, the assays could be applied in soybean
breeding programs to facilitate the marker-assisted
selection for high oleic acid and low linolenic acid
content traits with improved efficiency and precision.
We have widely utilized these assays in our genotyp-
ing laboratories to facilitate the development of
soybean lines with desired oil profiles from particular
sources in an accurate and efficient manner.
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