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Abstract Peanut seed oil is an important commodity world-
wide and breeding efforts have been to improve both the quality
and quantity of oil produced. Identifying sources of variation
and elucidating the genetics of oil concentration and quality in
peanut is essential to advancing the development of improved
genotypes. The objective of this study was to discover QTLs
for oil traits in an advanced backcross population derived from
a cross between a wild-species derived amphidiploid, TxAG-6,
and a cultivated genotype, Florunner. A BC,F; population was
developed for genetic mapping and an advanced backcross
BC;F¢ population was phenotyped in three environments and
genotyped using SSR markers. Composite interval mapping
results identified three genomic regions associated with oil
concentration in a combined analysis. Marker PM36, associat-
ed with oil concentration and multiple fatty acids in this study,
mapped directly to a HD-ZIP transcription factor in diploid
Arachis genome sequences. For fatty acid concentrations,
results suggested 17 QTLs identified in two or more
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Key message: QTLs, some with large phenotypic effects, were observed
for oil and fatty acid concentrations. Marker PM36 mapped directly to a
HD-ZIP transcription factor in diploid Arachis genome sequences.
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environments, 15 of which were present across environments.
Fourteen genomic regions on 13 linkage groups contained
significant QTLs for more than one trait, suggesting that same
genes or gene families are responsible for multiple phenotypes.
QTLs and the genes identified in this study could be effective
tools in marker-assisted breeding targeted at pyramiding seed
oil alleles from wild-species while minimizing introgression of
non-target chromatin.
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Introduction

Cultivated peanut (Arachis hypogaea L.) oil derived from
seed cotyledons has been utilized for centuries. In China,
India, and much of Africa, most of the peanut seed produced
is crushed directly for oil consumption. In the United States,
peanut oil is often a by-product produced from seed deemed
unacceptable for the edible market, which is the primary con-
sumer of peanut seed. Recently, non-food usage of vegetable
oils has increased concurrently with worldwide demand for
biodiesel. Limiting factors on the use of peanut oil for biodie-
sel include high cost due to its functionality as a cooking oil
and quality. Peanut breeders have attempted to increase peanut
oil concentration to satisfy the edible cooking oil market and
reduce costs for biodiesel production (Wilson et al. 2013b;
Wilson et al. 2013c¢). Breeding efforts have also been directed
toward lowering oil concentration to reduce fat content (Isleib
et al. 2004).

Oil concentration in peanut is a quantitatively inherited trait
(Wilson et al. 2013b; Wilson et al. 2013c), controlled by mul-
tiple genes (Wilson et al. 2013c) and environmental factors
(Baring et al. 2013). The Kennedy pathway, an important
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route to triacylglycerol (TAG) biosynthesis in plants, is cata-
lyzed by several enzymes, including acyl-CoA: diacylglycerol
acyltransferase (DGAT). DGAT catalyzes the final step in the
pathway and this step is considered rate limiting in plants
(Lung and Weselake 2006; Zheng et al. 2008). Multiple
DGAT gene sequences have been identified in peanut (Saha
et al. 2006; Burow et al. 2014a) and soybean (Glycine max), a
close leguminous relative (Eskandari et al. 2013b). A positive
correlation exists between DGAT activity and soy oil accumu-
lation (Lardizabal et al. 2008) and a DGAT?2 gene-based single
nucleotide polymorphism (SNP) marker is associated with oil
biosynthesis in soy (Eskandari et al. 2013a). The relationship
between oil concentration and DGAT gene-based markers has
not been established in peanut.

Although genetic diversity is limited among cultivated tet-
raploid peanut genotypes, oil concentration and other impor-
tant agronomic traits such as root-knot nematode
[Meloidogyne arenaria (Neal) Chitwood] resistance can be
improved using genes derived from wild diploid relatives
via an amphidiploid introgression pathway (Simpson 1991;
Simpson and Starr 2001; Wilson et al. 2013c; Burow et al.
2014b). Recent studies examining the genetic basis of inheri-
tance have identified specific QTLs or chromosome regions
associated with oil concentration in peanut (Gomez et al.
2009; Sarvamangala et al. 2011; Pandey et al. 2014).
However, QTLs for oil-related traits derived from wild peanut
species have not been identified. Identifying these QTLs could
greatly increase the efficiency of wild species derived gene
introgression through selection of targeted regions from the
amphidiploid parent in advanced backcross progeny.
Advanced backcross analysis, as proposed by Tanksley and
Nelson (1996), has been utilized to locate and transfer specific
QTLs for a variety of traits from wild or unadapted donor
genotypes into elite germplasm (Bernacchi et al. 1998a;
Bernacchi et al. 1998b; Fulton et al. 2000; Tian et al. 2006;
Jing et al. 2010).

The physical properties of vegetable oil are primarily
determined by the composition of its building blocks,
fatty acids. These molecules are components of mem-
brane phospholipids and are stored as TAGs in higher
plants. In the past 25 years, breeders have developed
peanut cultivars with improved oil fatty acid composi-
tion. Specifically, increasing the ratio of oleic acid
(18:1), a monounsaturated fatty acid, to linoleic acid
(18:2), a polyunsaturated fatty acid (high O/L), has im-
portant human health benefits (O’Byrne et al. 1997,
Vassiliou et al. 2009). High oleic content also decreases
the rate of oxidation over time, thus improving the shelf
life of edible peanut products (Lopez et al. 2001) and
vegetable-oil derived biodiesel (Graef et al. 2009). Two
homoeologous genes, ahFAD2A and ahFAD2B, code
for the enzyme fatty acid desaturate (FAD2) which cat-
alyzes the conversion of oleic acid to linoleic acid
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(Moore and Knauft 1989; Jung et al. 2000). Single nu-
cleotide changes in each of the ahFAD2A and the
ahFAD2B genes block this conversion and lead to the
high oleic phenotype (Jung et al. 2000, Lopez et al.
2000). However, genetic studies indicate that other mod-
ifier genetic regions also affect the ratio of these fatty
acids (Lopez et al. 2001; Isleib et al. 2006).

Other fatty acids comprise approximately 20 % of peanut
oil. The relative proportions of these fatty acids are also im-
portant from a nutritional standpoint as they vary in degree of
saturation (Ros and Mataix 2006) and are a critical consider-
ation when peanut oils are esterified for biodiesel (Davis et al.
2009; Ramos et al. 2009). There is currently only one pub-
lished study on inheritance of these fatty acids in peanut
(Wang et al. 2015), and specific pathway data are lacking.

In the present study, an advanced backcross population
(BC3Fg) derived from crosses between recurrent tetraploid
parent ‘Florunner’ component line UF439-16-10-3-2, hence-
forth referred to as ‘Florunner’(Norden et al. 1969), and donor
parent TXAG-6 (Simpson et al. 1993), a wild species derived
amphidiploid, was used to address the following objectives:
(1) identify additive QTLs for oil concentration and quality
traits across three environments and (2) determine the effect of
DGAT and ahFAD2 gene-based SNPs on oil concentration
and quality.

Results
Phenotypic Data

Phenotypic means for TxAG-6 and Florunner at College
Station in 2012 are presented in Table 1. Notable

Table 1 Mean oil concentration, fatty acid concentrations (g/kg), and
oleic to linoleic acid ratio (O/L ratio) of Florunner and TxAG-6 grown in
College Station, TX in 2012

Mean (g/kg)

Trait Florunner TxAG-6
Oil Concentration 487 602
Palmitic 75 122
Stearic 39 21
Oleic 571 371
Linoleic 271 396
Arachidic 13 13
Eicosenoic 9 21
Behenic 16 41
Lignocenic 6 15
O/L ratio 2.11 0.94
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differences are present for oil, palmitic, oleic, linoleic,
eicosenoic, behenic, and lignoceric concentrations be-
tween the parents. Histograms indicated normal or near-
ly normal distributions and quantitative modes of inher-
itance for fatty acid phenotypes in combined BC;Fgq
data (Fig. 1). Broad variation was present for most phe-
notypes in the BC3;F¢ population across environments
(Table 2). Broad-sense heritability estimates for fatty
acids in combined data ranged from 0.14 for lignoceric
acid to 0.94 for linoleic acid, suggesting large variation
in the degree of genetic contribution to phenotypes.
Estimates of broad-sense heritability were high for oil
concentration in all three environments and combined
data (Table 2).

p-value=0.312

40 -

Phenotypic data for oil quality traits revealed strong negative
associations across environments between palmitic and oleic
acid, palmitic acid and O/L ratio, stearic and linoleic acid, oleic
and linoleic acid, oleic and lignoceric acid, and linoleic acid
with O/L ratio (Table 3). Strong positive correlations were ob-
served across environments for palmitic and stearic acid, stearic
and arachidic acid, stearic and behenic acid, oleic acid and O/L
ratio, arachidic and behenic acid, eicosenoic and behenic acid,
eicosenoic and lignoceric acid, and behenic and lignoceric acid.
Oil concentration was positively correlated with oleic acid and
O/L ratio across environments, and negatively correlated with
linoleic acid. Our previous research identified a negative corre-
lation between oil concentration and O/L ratio in a different
population (Wilson et al. 2013a).
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Fig. 1 Distribution of eight fatty acids and oleic to linoleic ratio (O/L
ratio) in an advanced backcross population derived from a cross between
Florunner and TXxAG-6 across environments. P-values for distribution
curves were generated using a Shapiro-Wilk test, where a significant
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P-value indicates a normal distribution. Values on the x-axis are the
percentages of that particular fatty acid, or the oleic:linoleic fatty acid
ratio, as appropriate
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Table2 Mean, standard deviation, heritability and range for oil concentration (g/kg), fatty acid concentrations (g/kg oil), and oleic to linoleic acid ratio
(O/L ratio) in an advanced backcross population derived from a cross between Florunner and TxAG-6 grown in different environments

Mean Standard Deviation Heritability Range
Trait Environment (g/kg) (g/kg) (Broad Sense) (g/kg)
Oil Concentration College Station 526 21.2 0.63 480-600
Lubbock 521 29.0 0.82 450-630
Brownfield 476 19.8 0.85 440-560
Combined Environments 507 18.2 0.80 470-580
Palmitic College Station 82 10.4 - 65-108
Lubbock 88 11.5 - 67-121
Brownfield 97 5.9 - 81-111
Combined Environments 90 6.8 0.47 73-104
Stearic College Station 34 7.5 - 22-62
Lubbock 18 9.5 - 7-72
Brownfield 18 4.5 - 11-39
Combined Environments 23 6.2 0.68 14-54
Oleic College Station 567 40.4 - 441-674
Lubbock 486 43.7 - 270-588
Brownfield 457 342 - 355-550
Combined Environments 501 34.1 0.80 386597
Linoleic College Station 269 33.7 - 175-396
Lubbock 357 39.7 - 246-522
Brownfield 358 29.0 - 290450
Combined Environments 329 30 0.94 239-433
Arachidic College Station 14 1.5 - 10-18
Lubbock 11 34 - 7-33
Brownfield 11 24 - 8-21
Combined Environments 12 1.9 0.55 9-22
Eicosenoic College Station 10 1.5 - 7-18
Lubbock 11 1.8 - 6-16
Brownfield 16 24 - 10-25
Combined Environments 12 1.5 0.51 9-18
Behenic College Station 17 33 - 11-26
Lubbock 20 5.0 - 15-50
Brownfield 30 4.2 - 21-43
Combined Environments 23 2.9 0.19 16-35
Lignoceric College Station 7 1.8 - 1-11
Lubbock 8 22 - 4-15
Brownfield 14 2.8 - 6-20
Combined Environments 10 1.6 0.14 615
Ratio Standard Deviation Heritability Range
O/L ratio College Station 22 0.4 - 1.1-3.8
Lubbock 1.4 0.3 - 0.5-2.3
Brownfield 1.3 0.2 - 0.8-1.9
Combined Environments 1.6 0.3 0.80 0.9-2.6
Marker Polymorphisms and Genetic Map constructed using the BC;F; mapping population (Fig. 2).

Average distance between markers was 14.5 ¢cM and the num-
A genetic linkage map consisting of 91 SSR markers on 22 ber of markers on linkage groups ranged from two to ten. A
linkage groups covering a map distance of 1321.9 ¢cM was  total of 149 primers scored were polymorphic between TxAG-
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Table3  Pearson’s correlation coefficients between paired comparisons of eight fatty acids, oleic to linoleic acid ratio (O/L ratio), and oil concentration
in an advanced backcross population derived from a cross between Florunner and TxAG-6 and grown in different environments

Correlation Environment
between

College Station Lubbock Brownfield Combined
1-2! -0.22% -0.02 -0.29%%* -0.34%*
1-3 0.00 0.05 0.15 0.06
1-4 0.30%* 0.35%* 0.43%* 0.40%*
1-5 -0.29%#* -0.38%** -0.38%* -0.35%*
1-6 0.01 0.15 0.13 0.08
1-7 0.06 -0.08 -0.42%* -0.22%
1-8 -0.05 0.05 -0.22 -0.16
1-9 -0.02 0.06 -0.42%* -0.19
1-10 0.32%* 0.39%* 0.43%* 0.43%*
2-3 0.58%* 0.38%%* 0.26* 0.31%*
2-4 -0.75%* -0.51 -0.63%* -0.68#*
2-5 0.36%* -0.01 0.47%* 0.39%*
2-6 0.39%* 0.20 0.14 0.21
2-7 -0.06 0.30%* -0.14 -0.01
2-8 0.49%* 0.40%* 0.08 0.38%*
2-9 0.32%% 0.50%* 0.06 0.31%*
2-10 -0.48%* -0.23* -0.29%* -0.53%*
34 -0.24* -0.13 0.04 -0.02
3-5 -0.21 -0.34%* -0.32%* -0.35%*
3-6 0.71%* 0.90** 0.947%* 0.93%*
3-7 -0.15 -0.27* -0.49%* -0.55%*
3-8 0.37%* 0.49%* 0.34%%* 0.42%*
3-9 0.16 0.21 -0.15 -0.15
3-10 0.07 0.20 0.21 0.22
4-5 -0.86%* -0.89%#* -0.93%* -0.89%*
46 -0.24%* -0.10 0.01 -0.05
4-7 0.14 0.00 -0.36%* -0.13
4-8 -0.35%* -0.18 -0.42%* -0.39%*
4-9 -0.24* -0.15 -0.49%* -0.39%*
4-10 0.90%* 0.91%* 0.97%%* 0.94%**
5-6 -0.15 -0.30%* -0.31%* -0.30%*
5-7 -0.23%* -0.17 0.33%* 0.19
5-8 -0.02 -0.31%* 0.14 0.06
5-9 -0.02 -0.28* 0.33%* 0.24%*
5-10 -0.95%* -0.96%* -0.98%* -0.95%*
67 0.08 -0.31%* -0.35%* -0.49%*
6-8 0.70%* 0.59%* 0.54%* 0.56%*
6-9 0.48%* 0.25% 0.01 -0.06
6-10 0.02 0.19 0.19 0.18
7-8 0.35%* 0.45%* 0.46%* 0.26*
7-9 0.45%* 0.66%* 0.74%* 0.65%*
7-10 0.19 0.07 -0.35%* -0.19
8-9 0.76** 0.827%%* 0.69%* 0.63%*
8-10 -0.11 0.14 -0.27* -0.22*
9-10 -0.05 0.10 -0.41%* -0.33%*

1 = oil concentration; 2 = palmitic acid; 3 = stearic acid; 4 = oleic acid; 5 = linoleic acid; 6 = arachidic acid; 7 = eicosenoic acid; 8 = behenic acid;

9 = lignoceric acid; 10 = O/L Ratio

*, ** indicate terms are significant at the 5 % and 1 % levels of probability, respectively

6 and Florunner and segregated in the BC;F¢ population. Of
these, 105 were scored as dominant markers and 44 were
scored as co-dominant.

QTL Analysis

Single—factor ANOVA identified three, eight, five, and
thirteen QTLs associated with oil concentration at

College Station, Lubbock, Brownfield, and combined
across environments, respectively (Table 4). Across en-
vironments, ten QTLs from TxAG-6 increased oil con-
centration, while four QTLs decreased it. In the com-
bined analysis, total negative additive effects for TxAG-
6 alleles were 53.4 g/kg while total positive additive
effects equaled 119.3 g/kg. The QTLs on LG5 near
PM36 and LG6 near TC7A02 increased oil
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Fig. 2 Map locations of QTLs for oil concentration and fatty acids in three environments and a combined data set using composite interval mapping
(CIM) analysis. Env 1 denotes the College Station, TX environment, Env 2 denotes Lubbock, TX, and Env 3 denotes Brownfield, TX

concentration and accounted for 29 to 78 % of the phe-
notypic variation observed. Both favorable alleles were
inherited from TxAG-6. Total phenotypic variance of
QTLs for oil concentration in Brownfield and across
environments suggested multiple markers were linked
(Table 4); therefore, CIM was performed to ensure
QTLs were independent.

Results from CIM revealed a major favorable QTL
for oil concentration on LG6 near TC7A02 in all envi-
ronments and in the combined data set (Table 5).
Additional genomic regions on LG5 were positively as-
sociated with oil concentration in Brownfield and in the
combined analysis, including a QTL near PM36. Total
phenotypic variance explained (PVE) by these markers
ranged from 18 to 25 % across environments (Table 5).

For fatty acid concentration, 48 unique QTLs were
identified using single-marker analysis (SMA) (Table 4).
Of these, 11 QTLs (6 unique) were associated with stearic
acid and one QTL was associated with lignoceric acid.
For stearic acid, a QTL tagged by TC6EOl contributed
30, 53, and 12 % of total phenotypic variation in
College Station, Lubbock, and Brownfield, respectively.
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In College Station and Lubbock, 20 QTLs were detected
at each environment for fatty acid composition and O/L
ratio, while in Brownfield, 11 QTLs were detected. A total
of 42 QTLs were present in the combined data for fatty
acid composition. Using CIM, results suggested 17 QTLs
in two or more environments; 15 of which were present
across environments (Table 5).

Including significant single-environment QTLs, a to-
tal of 14 genomic regions on 13 linkage groups
contained QTLs for more than one trait using CIM
(Fig. 2). Two distinct regions on LG5 controlled multi-
ple traits, including a region flanked by TC11A02 and
PM36. A combination of seven traits over three envi-
ronments mapped to this region. In several instances,
highly correlated oil phenotypes mapped to the same
genomic region. Stearic and arachidic acids, which were
significantly correlated in all three environments,
mapped to the same genomic regions on LG3, LG20,
LG21, and LG22 (Fig. 2 and Supplemental Table 1).
Closely related traits including O/L ratio, linoleic acid,
and oleic acid mapped to the same genomic region on
LGO.
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Table 4  Putative QTLs associated with peanut oil concentration, fatty analyses) ANOVA in an advanced backcross population derived from a
acid concentrations, and oleic to linoleic acid ratio (O/L ratio) identified cross between Florunner and TxAG-6 grown in different environments
by single-factor (individual environments) and multi-factor (combined

College Station Lubbock
Trait Locus R>! P value Add effect® R? P value Add effect
Oil Concentration PM36 0.16 <0.0001 23.1 0.19 <0.0001 27.7
TC7A02 0.39 <0.0001 25.9 0.37 <0.0001 30.8
TCI1A08 - - - 0.09 0.0001 -14.9
TC1A02 - - - 0.11 <0.0001 -22.5
Gi620 - - - 0.08 0.0006 349
DGAT1163 - - - 0.07 0.001 9.5
PMc348 - - - 0.07 0.0005 -16.4
PM238 0.11 <0.0001 27.5 0.15 <0.0001 38.9
Palmitic TC6E01 0.21 <0.0001 8.9 - - -
TC1A02 0.18 <0.0001 9.1 - - -
Stearic TC6EO01 0.30 <0.0001 7.6 0.53 <0.0001 14.2
PM32 0.16 0.0006 4.6 0.17 0.0004 6.4
TC1A02 0.27 <0.0001 8.1 0.20 <0.0001 11.0
PMc348 0.19 <0.0001 7.6 0.18 0.0001 9.2
Oleic TC6EO01 0.14 0.0009 -25.6 - - -
PGS09B04 - - - 0.20 0.0001 -46.6
PGS15D02 0.14 0.0007 -54.5 - - -
TC4D02 0.14 0.0008 -64.2 - - -
Linoleic PM36 0.17 0.0008 -40.1 0.18 0.0006 -40.0
PGS09B04 - - - 0.21 <0.0001 42.6
PGPOSC10-1 - - - 0.14 0.0007 -54.5
PGS15D02 0.21 <0.0001 65.1 - - -
TC9HO8 - - - 0.19 0.0003 -39.1
TC4D02 0.21 <0.0001 65.0 - - -
Arachidic TC6EO01 - - - 0.42 <0.0001 4.6
PM32 - - - 0.15 0.001 2.2
TCI1A02 0.14 0.0005 1.2 0.15 0.0004 3.5
PMc348 - - - 0.20 <0.0001 3.6
Eicosenoic TC6EO01 - - - 0.14 0.001 -1.3
Ah229 0.36 <0.0001 39 - - -
Behenic TC6EO01 - - - 0.18 0.0002 4.2
Lignoceric PM204-1 - - - 0.20 0.0001 23
O/L ratio TC5A06 0.29 <0.0001 + - - -
PM36 0.26 <0.0001 + 0.24 <0.0001 +
FAD2B 0.19 0.0002 + - - -
PGP08C10 - - - 0.20 <0.0002 +
IPAHM540 0.20 <0.0001 + - - -
TC9HO08 0.16 0.0008 + 0.19 0.0002 +
PM204 0.18 0.0002 + 0.17 0.0008 +
Brownfield Combined Environments
R? P value Add effect R? P value Add effect
Oil Concentration IPAHM103 - - - 0.03 <0.0001 -4.6
PM36 0.43 <0.0001 26.5 0.11 <0.0001 26.1
TC7A02 0.35 <0.0001 27.5 0.18 <0.0001 26.1
TC1A08 - - - 0.03 <0.0001 -9.5
PM32 - - - 0.02 <0.0001 -6.7
TC1A02 - - - 0.03 <0.0001 -11.1
Gi620 0.18 <0.0001 37.3 0.05 <0.0001 29.9
PM238 0.14 <0.0001 27.6 0.06 <0.0001 31.2
DGAT1163 - - - 0.02 <0.0001 6
FAD2A - - - 0.02 0.0004 -6.5
PGP08C10 - - - 0.02 0.0006 -12.1
PGS15D02 0.18 <0.0001 -5.8 0.04 <0.0001 2.9
PMc348 - - - 0.02 <0.0001 94
Palmitic PGP09B04 0.14 0.001 5.6 - - -
Stearic TC6EO01 0.12 0.001 3 0.15 <0.0001 8.2
TCI1A08 0.21 0.0001 34 0.04 <0.0001 39
PM32 - - - 0.06 <0.0001 3.8
TC1A02 0.23 <0.0001 4.6 0.10 <0.0001 7.9
PMc348 - - - 0.07 <0.0001 6.1
TC9HO8 - - - 0.03 0.0006 5.5
Oleic PM36 0.16 0.001 36.3 0.04 <0.0001 37.8
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Table 4 (continued)

PGS09B04 - -
PGS15D02-1 - -
TC9HO8 - -
TC4D02 0.15
TC5A06 - -

PM36 - -
PGS19GO05 - -
PGS09B04 - -
IPAHM540 - -
TC9HO8 - -
PM204-2 - -
TC4D02 0.14 0.0006
PM36 - -
TC6EO1 0.15 0.0003
TCI1A08 0.28 <0.0001
PM32 - -
TCI1A02 0.24 <0.0001
PMc348 - -
TC23P04 - -
TC6EO1 - -
Ah229 - -
TC1A02 - -
TC6EO1 - -
TC1A02 - -
PM204-1 - -
TC5A06 - -

PM36 0.19
TC7A02 - -
FAD2B - -
PGS09B04 - -
IPAHM540 - -
TC9HO8 - -
PM204 - -
TC4D02-2 - -

Linoleic

Arachidic

Eicosenoic

Behenic

Lignoceric
O/L ratio

- 0.04 <0.0001 -29.1
- 0.02 <0.0001 -44.1
- 0.02 0.0003 25.5
-56.7 0.04 <0.0001 -55.6
- 0.03 0.0001 -26.5
- 0.06 <0.0001 37.8
- 0.02 0.0003 12

- 0.04 <0.0001 26.2
- 0.02 0.0003 -19.8
- 0.04 <0.0001 -30.2
- 0.02 0.0004 -26.2
65.0 0.04 <0.0001 47.7
- 0.05 0.0004 1.5
1.5 0.17 <0.0001 23
1.8 0.08 <0.0001 12
- 0.07 <0.0001 1.2
22 0.11 <0.0001 22
- 0.10 <0.0001 1.9
- 0.03 <0.0001 -1.6
- 0.02 0.0004 -0.9
- 0.02 0.0001 1.9
- 0.02 <0.0001 -1

- 0.04 <0.0001 24
- 0.02 0.0007 22

- 0.02 0.001 1.1

- 0.04 <0.0001 +

+ 0.07 <0.0001 +

- 0.06 <0.0001 +

- 0.02 0.0003 -

- 0.02 0.0004 -

- 0.04 <0.0001 +

- 0.05 <0.0001 +

- 0.04 <0.0001 +

- 0.02 0.0001 -

! Proportion of the total variance accounted for by the loci

2 Additive effect (g/kg) at each locus was estimated as half the difference of the phenotypic LSMEAN values of the parental allele scored and the
alternate allele for dominant markers and half the difference between each homozygote for co-dominant markers. The estimates of additive effects are

based on the TXAG-6 allele

Of the six markers linked to phenotypic trait (s) and
mapped to the public Arachis genome sequences, three primer
sequences mapped to a single gene or genomic-coordinates
(Table 6). TC1A02 and TC7A02 mapped to a transporter
and vacuolar sorting protein, while the PM36 sequence
mapped directly to a GLABRA 2 (GL2) HD-ZIP transcription
factor designated Aradu.SEJ3V in A. duranensis (Fig. 3).

Two-way epistatic interactions were detected for oil con-
centration in all three environments and in the combined anal-
ysis (Table 7). Across environments, 15 interactions were
highly significant for oil concentration and five interactions
were observed in the combined analysis. For fatty acid com-
position, a total of 53 epistatic interactions were significant
across environments. The number of epistatic interactions ob-
served across environments ranged from 0 for behenic acid to
15 for stearic acid. As expected in a highly inbred population,
an additive model explained most variation present in LOD
scores for all observed interactions.
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Discussion

Genetic diversity in cultivated peanut is limited due a
genetic bottleneck during tetraploidization and modern
breeding techniques focused on deriving new varieties
from a very limited germplasm base. This narrow genetic
base has hampered efforts to construct dense genetic maps
and improve important traits, such as oil quantity and
disease resistance (Burow et al. 2013). Breeders have
turned to wild relatives in other polyploid crops such as
upland cotton (Gossypium hirsutum) for trait introgression
(Percival et al. 1999; Mergeai 2006). In peanut, amphidip-
loid introgression pathways, including the one used for
development of TxAG-6, are an important mechanism
for introducing novel traits. Previous attempts to identify
QTLs for oil quantity and quality traits have focused on
populations derived from cultivated germplasm. This study
is the first designed to discover QTLs using SSR and
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Table 5 QTLs identified in two or more environments by Composite
Interval Mapping and total phenotypic variance explained (PVE) for oil
concentration, fatty acid concentrations, and oleic to linoleic acid ratio

(O/L ratio) in an advanced backcross population derived from a cross
between Florunner and TxAG-6

College Station Lubbock Brownfield Combined Environments
Trait Locus Chr Pos LOD' PVE LOD PVE LOD PVE LOD PVE
Oil Concentration TC7A02 6 92 4.70 021 3.90 0.18 3.70 0.17 5.80 0.25
Gi620 5 105.9 - - - - 7.40 0.31 4.70 0.21
PM36 5 52.6 - - - - 3.40 0.16 3.90 0.18
Stearic PMc297 3 36 2.60 0.12 - - 5.20 0.23 5.60 0.25
TC6EO01 12 49.3 6.50 0.28 2.80 0.13 - - 6.10 0.27
TCI1A02 14 23.1 - - 3.70 0.17 - - 4.40 0.20
Oleic TC5A06 9 12.4 3.50 0.16 3.20 0.15 - - 5.50 0.24
TCIDI12 5 50.7 - - 2.80 0.13 3.70 0.17 - -
Gi620 5 105.9 - - 5.20 0.23 - - 5.20 0.23
TC6EO1 12 49.3 - - 3.10 0.15 - - 2.60 0.12
Linoleic TC1DI2 5 50.7 5.70 0.25 3.70 0.17 - - - -
TC5A06 9 12.4 5.90 0.26 - - - - 4.40 0.20
Arachidic PMC297 3 36 - - - - 4.40 0.20 7.70 0.32
TC1A02 14 23.1 - - 11.10 043 - - 3.80 0.17
ACH211 21 23.1 - - 2.70 0.13 - - 7.70 0.32
Eicosenoic TCI1A02 14 23.1 - - 4.50 0.20 - - 3.30 0.15
Behenic PGP08C10 12 33 3.50 0.16 - - - - 2.60 0.12
O/L ratio TCI1DI12 5 50.7 7.40 031 6.10 0.27 2.80 0.13 4.50 0.20
TC5A06 9 12.4 8.40 0.35 - - - - 4.20 0.19
TC9HO08 2 119.3 - - 430 0.20 - - 2.60 0.12

"LOD scores are considered to be significant at the genome-wide LOD threshold of 3.3

gene-based markers in an advanced backcross segregating
population derived from a high-oil synthetic amphidiploid.

The majority of the makers scored in the BC5F¢ popula-
tion were scored dominant due to the absence of heterozy-
gotes; therefore, QTLs and epistatic interactions detected in
this study were overwhelmingly additive. Utilizing a BCF,
population for genotyping as proposed by Tanksley and
Nelson (1996) would have greatly increased the frequency
of heterozygotes, thus allowing for the detection of
dominant QTLs and dominant epistatic QTL interactions.
However, all cultivated peanut varieties grown in the U.S.

are highly inbred genotypes; hence, only additive genetic
effects are of practical importance to most peanut
geneticists.

The preponderance of evidence from this population and
from other populations grown in different environments indi-
cates oil concentration in peanut seed cotyledons is a highly
heritable quantitative trait (Sarvamangala et al. 2011; Wilson
et al. 2013b, ¢). The number of markers identified for oil
concentration through CIM increased with broad-sense heri-
tability across environments, underscoring a direct relation-
ship between phenotypic and marker data.

Table 6  Putative genetic models of selected oil QTLs mapped to A (Arachis duranensis) and B (Arachis ipaensis) reference genomes

Locus A. duranensis Gene ID A. ipaensis Gene 1D Description

TC1A02 Aradu.KIZ8T Araip.7G4BN transportin-3-like isoform X1 [Glycine max)]
TC7A02 Aradu.Q5HYL Araip.ZKI33 Vacuolar sorting protein 9 (VPS9) domain
PM36 Aradu.SEJ3V Araip.VS7G2 Homeobox associated leucine zipper
TC9HO8"

TC4D02"

IPAHM 103"

*Mapped to several positions on physical map covering larger segments and no obvious candidate gene could be assigned to the markers in QTL regions
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Fig. 3 Location of simple sequence repeat (SSR) marker PM36 and gene model Aradu.SEJ3V on Arachis duranensis linkage group A0S using the

peanutbase.org genome browser

A novel QTL for oil concentration, tagged by SSR
marker TC7A02, was the only major QTL identified
herein significant across all environments using single-
marker ANOVA and CIM. This positive allele derived
from TxAG-6 is perhaps the most important wild-
species derived marker governing the high-oil phenotype
in peanut. In addition, a high number of mapped loci
were associated with multiple traits using CIM (Fig. 2).
Many of these closely mapped fatty acids were also
significantly correlated (Table 3) and are tightly linked
in pathways controlling fatty acid synthesis in oilseed
crops (Barker et al. 2007). This indicates that the same
genes, gene families, and/or tightly linked genes are
responsible for multiple phenotypes.

This study is the second to reveal an association be-
tween a DGAT gene-based marker and oil concentration
in peanut. The DGAT2 allele from TxAG-6 was posi-
tively associated with oil concentration in Lubbock and
in the combined analysis, explaining 7 and 2 % of phe-
notypic variation, respectively. Opportunities exist for
additional studies aimed at identifying additional

@ Springer

DGAT genes in peanut and confirming their effect on
oil concentration and quality in peanut and transformed
constructs.

The significance of marker PM36 on LG5 in determining
oil concentration in peanut is clear based on our data and
results from other studies (Selvaraj et al. 2009;
Sarvamangala et al. 2011). Our manuscript is the first study
in peanut to reveal that the genomic region flanking PM36 is a
part of the 5" untranslated region (UTR) of the GL2 HD-ZIP
transcription factor in Arachis. Previous studies from oilseeds
Brassica napus (Chai et al. 2010), and Glycine max (Liu et al.
2014) including Arabidopsis thaliana (Shen et al. 2006; Shi
et al. 2012), suggest the GL2 family of HD-ZIP transcription
factors negatively regulate seed oil production. Bands of
PM36 detected in TxAG-6 (212 bp) and Florunner (218 bp)
differed by 6 bp. This difference in the 5’ end of the HD-ZIP
sequence may cause discrepancies in transcriptional regula-
tion between these genotypes. Specifically, the deletion of
6 bp in TxAG-6 may negatively regulate this HD-ZIP tran-
scription factor, leading to higher oil accumulation in TXAG-
6. The accumulation of fatty acid chains in oilseeds resulting
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Table 7 Markers with significant epistatic interactions for oil concentration, fatty acid concentrations, and oleic to linoleic acid ratio (O/L ratio) in an
advanced backcross population derived from a cross between Florunner and TxAG-6 grown in different environments

Environment Markerl Marker2 LG LG LOD.full' F value® P value
Oil Concentration College Station TC9HO08 PM238 2 10 6.04 8.53 0.0004
Lubbock TC1D12 TC1A02 5 14 7.87 20.52 <0.0001
TC1D12 TC1A08 5 17 8.14 22.08 <0.0001
TC7A02 TC1A02 6 14 6.95 19.1 <0.0001
TC7A02 TC1A08 6 17 6.66 18.05 <0.0001
UBC815 TC1A02 10 14 5.35 7.8 0.0006
TC3A12 TC1A08 12 17 5.47 6.64 0.0003
Brownfield PGS19G05 PGS15D02 1 13 7.10 13.72 <0.0001
TC9HO8 PM36 2 5 18.08 19.56 <0.0001
TCOHO8 TC7A02 2 6 10.97 8.09 0.0007
TCOHO8 UBC815-1 2 10 11.98 14.17 <0.0001
TC7G10 TC7A02 4 6 10.37 14.19 <0.0001
TC7A02 PGS15D02 6 13 9.40 8.88 0.0003
UBC815-1 PGS15D02 10 13 11.20 27.05 <0.0001
UBC815-2 PGS15D02 12 13 10.04 8.36 <0.0001
Combined TC1D12 TC1A08 5 17 15.03 25.63 <0.0001
TC7A02 TC1A08 6 17 10.71 16.82 <0.0001
UBC815-1 PGS15D02 10 13 9.06 14.61 <0.0001
UBC815-1 TC1A08 10 17 10.22 13.21 <0.0001
PGS15D02 TC1A08 13 17 5.57 8.18 <0.0001
Palmitic College Station PM36 TC6EO01 5 12 9.27 7.94 <0.0001
Stearic College Station TC2D06 TC1A02 2 14 9.86 18.41 <0.0001
PMc348 TC1A02 3 14 8.84 16.19 <0.0001
PM45 TC1A02 5 14 8.55 15.70 <0.0001
Lubbock TCI9HO8 TC1A02 2 14 7.48 27.82 <0.0001
PMc297 UBC815-2 3 12 11.84 20.55 <0.0001
TC7G10 TC1A02 4 14 7.05 26.71 <0.0001
Gi620 UBC815-2 5 12 9.62 25.30 <0.0001
TC11A02 TC1A02 5 14 6.22 26.43 <0.0001
UBC815-1 TC1A02 10 14 8.07 20.22 <0.0001
UBC815-2 PGS15D02 12 13 10.56 15.26 <0.0001
PGS15D02 PGS18G09 13 14 5.38 13.96 <0.0001
TC1A02 PMc346 14 20 6.05 19.56 <0.0001
PGS18G09 TC3G01 14 22 5.18 19.86 <0.0001
Brownfield PMc297 PM36 3 5 7.89 6.03 0.0003
PM36 TC1A02 5 14 13.18 26.43 <0.0001
Combined TC2D06 PMc297 2 3 15.90 13.11 <0.0001
TC9HO8 UBC815-2 2 12 19.81 36.71 <0.0001
PMc297 PM36 3 5 14.61 12.35 <0.0001
PMc348 UBC815-2 3 12 19.23 30.87 <0.0001
PMc348 TC1A08 3 17 14.63 9.32 <0.0001
PM36 UBC815-2 5 12 18.42 20.04 <0.0001
PM45 TC1A02 5 14 19.48 26.06 <0.0001
PM36 TC7HO2 5 17 13.11 6.56 0.0005
UBC840-3 TC1A08 11 17 11.64 9.25 <0.0001
UBC815-2 PGS15D02 12 13 17.37 20.73 <0.0001
UBC815-2 TC1A02 12 14 21.75 40.54 <0.0001
UBC815-2 TC1A08 12 17 18.56 17.26 <0.0001
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Table 7 (continued)

Environment Marker1 Marker2 LG LG LOD.full! F value? P value
UBC815-2 AC2H11-2 12 21 17.24 42.05 <0.0001
TC1A02 PM204 14 22 14.55 15.02 <0.0001
UBC834-4 TCI1A08 15 17 10.68 8.13 0.0001
TC1A08 IPAHM540-2 17 20 11.50 7.99 <0.0001
Oleic College Station TC1D12 TC6EO1 5 12 10.43 11.28 <0.0001
TCI1D12 PGS18G09 5 14 7.25 6.49 0.0006
TC5A06 TC6EO01 9 12 10.33 22.28 <0.0001
TC5A06 PGS18G09 9 14 7.72 6.24 0.0008
Lubbock Gi909-1 UBC815-2 4 12 7.65 10.11 0.0002
Brownfield UBC834-1 PGS18G09 5 14 6.39 6.17 0.0009
Combined TC5A06 TC6EO01 9 12 8.94 9.96 <0.0001
UBC815-1 UBC815-2 10 12 8.69 7.93 0.0009
Linoleic College Station TC9HO8 TC5A06 2 9 9.34 6.33 0.0008
Gi909-1 PGP08C10-2 4 12 7.30 10.12 0.0002
TCI1D12 TC5A06 5 9 11.44 5.74 0.0005
TC7A02 PGP08C10-2 6 12 6.66 12.04 <0.0001
TC5A06 UBC815-2 9 12 9.55 10.93 <0.0001
Lubbock TCI1D12 TC1A02 5 14 6.07 6.36 0.0007
Brownfield TC9HO08 TC1A02 2 14 4.78 5.90 0.0010
Combined TC9HO08 Ah229 2 3 6.37 6.01 0.0010
TC9HO8 TC7A02 2 6 5.54 3.08 0.0606
TC7G10 PGP08C10-2 4 12 5.80 7.99 0.0008
UBC834-2 TC5A06 8 9 7.25 7.19 0.0003
TC5A06 PGP08C10-2 9 12 10.16 13.63 <0.0001
PGP08C10-2 IPAHM540-2 12 20 6.81 6.31 0.0009
Arachidic Lubbock TC1D12 TC1A02 5 14 6.08 35.66 <0.0001
UBC815-2 PGS15D02 12 13 6.88 11.04 <0.0001
Brownfield TC9HO08 PMc297 2 3 8.39 14.27 <0.0001
TC9HO08 TC1A02 2 14 12.7 6.30 0.0008
TC9HO08 TC7HO02 2 17 891 5.74 0.0051
PMc297 PM36 3 5 9.88 6.96 <0.0001
PMc297 UBC815-1 3 10 8.67 8.76 0.0005
Gi620 UBCS815-2 5 12 14.23 22.19 <0.0001
PM36 TC1A02 5 14 14.65 6.03 0.0010
PM36 TC7HO02 5 17 7.83 9.31 <0.0001
Combined TC9HO08 PMc297 2 3 17.15 16.83 <0.0001
TC9HO08 TC1A02 2 14 23.34 14.91 <0.0001
TC9HO08 TC1A08 2 17 16.45 27.72 <0.0001
PMc297 TC7G10 3 4 12.69 8.01 0.0001
PMc297 PM36 3 5 17.53 17.09 <0.0001
PMc297 TC1A08 3 17 16.09 10.36 <0.0001
PMc348 UBC834-5 3 20 11.16 17.65 0.0001
PMc348 AC2H11-2 3 21 11.90 10.23 0.0004
TC7G10 TC1A08 4 17 11.93 14.73 <0.0001
TCIDI12 TC1A02 5 14 20.76 20.73 <0.0001
PMCc595-2 TC1A08 7 17 11.68 8.50 0.0005
UBC815-1 TC1A08 10 17 13.44 10.15 0.0002
UBC815-2 TC1A02 12 14 22.02 28.66 <0.0001
PGS15D02 TC1A02 13 14 17.54 14.32 <0.0001
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Table 7 (continued)
Environment Marker1 Marker2 LG LG LOD.full' F value? P value
TC1A02 PM204 14 22 14.97 11.45 <0.0001
UBC834—4 TC1A08 15 17 11.92 9.22 <0.0001
TC1A08 IPAHM540-2 17 20 11.15 8.86 <0.0001
TC1A08 AC2H11-2 17 21 7.71 13.25 <0.0001
TC1A08 TC3GO01 17 22 6.66 15.31 <0.0001
Eicosenoic Brownfield TC1DI12 PGS18G09 5 14 5.37 6.32 0.0008
Combined TC1DI12 TC1A02 5 14 532 10.54 <0.0001
PM36 TC1A08 5 17 5.94 6.84 0.0004
Behenic Combined TC4D02 TC1A02 2 14 6.18 7.38 0.0010
Lignoceric Brownfield PM36 UBC815-2 5 12 6.47 4.57 0.0008
O/L ratio College Station Gi909-1 TC5A06 4 13.06 9.65 <0.0001
TC1DI2 TC5A06 5 15.65 11.58 <0.0001
TC7A02 PGP08C10-2 6 12 11.36 8.80 0.0002
PMc595-1 TC5A06 7 9 12.35 13.95 <0.0001
TC5A06 UBC815-1 9 10 13.15 15.70 <0.0001
TC5A06 UBC815-2 9 12 15.18 18.57 <0.0001
Lubbock Gi909-1 PMc595-2 4 7 8.20 7.05 0.0005
UBC815-1 IPAHM176 10 15 7.64 5.85 0.0010
UBCS815-1 AC2H11-2 10 21 5.92 19.97 <0.0001
Brownfield PM32 TC1DI12 2 5 10.17 5.60 0.0007
TC9HO8 TC1A02 2 14 7.18 7.84 0.0002
TC1DI2 TC6EO01 5 12 12.57 7.97 <0.0001
Combined UBC834-1 TC5A06 5 9 10.99 6.59 0.0002
PM36 PGP08C10-2 5 12 9.54 12.83 <0.0001
TC1DI12 TC3HO07-2 5 21 7.99 16.16 <0.0001
TC5A06 UBC815-1 9 10 9.12 8.18 0.0008
TC5A06 UBC815-2 9 12 12.47 7.05 0.0003

' LOD.full is the log-likelihood ratio of the full model (Q1 + Q2 + Q1 x Q2)

2 F-value and P values are from the interaction term of a 2-way ANOVA with phenotype as the response variable and genotypic configuration at the

presented markers as factors

in high oil phenotypes is likely a function of genes coding for
enzymes involved in TAG biosynthetic pathways and the reg-
ulation of these genes at the transcriptional level (Liu et al.
2014). Additional research is needed to determine a direct
correlation between the expression of HD-ZIP transcription
factors and TAG accumulation in Arachis.

TC7A02 and TC1A02 also mapped to unique genomic
coordinates on the 3’ end of the genes annotated in the refer-
ence sequence. Annotation of the genes to which these
markers mapped suggest their possible involvement in trans-
port of metabolites and proteins. Vacuolar sorting proteins
such VSP9 are thought to play a role in endosomal trafficking
(Xiang et al. 2013), and genes coding proteins containing
VSP9 domains are required for multiple plant functions in
Arabidopsis (Goh et al. 2007). Further investigation is needed
to establish the precise role of protein transporting genes in the
movement of enzymes catalyzing fatty acid synthesis from
endomembrane systems in Arachis and their role in seed

development. This study lays the groundwork for fine map-
ping, sequencing, and discovery of genes and regulatory net-
works at LG5 and other linkage groups associated with seed
oil traits.

Fatty acid heritability estimates were highly variable in this
study. In the combined data set, lowly heritable fatty acids
including palmitic, behenic, and lignoceric acids had relative-
ly few significantly associated QTLs using ANOVA and CIM
compared with more heritable fatty acids. Molecular and phe-
notypic observations in this study confirm our hypothesis
from a previous manuscript regarding the importance of envi-
ronmental effects in determining observed phenotypes of cer-
tain minor fatty acids, such as behenic and lignoceric (Wilson
et al. 2013a). Modifying the concentration of these lowly her-
itable fatty acids in peanut oil though traditional breeding
techniques will likely be difficult.

We observed multiple QTLs for oleic and linoleic acids and
O/L ratio across all environments using ANOVA and CIM. As
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expected, a common genomic region was associated with
oleic acid, linoleic acid, and O/L ratio. QTLs discovered from
two-way ANOVA in this study and previous studies
(Sarvamangala et al. 2011; Wang et al. 2015) support the
hypothesis proposed by Lopez et al. (2001) and Isleib et al.
(2006) stating modifier genes other than ahAFAD2A and
ahFAD2B affect O/L ratio.

The ahFAD2A and ahFAD2B SNPs in this study are
unique and specifically designed to differentiate two low-
oleic parents, TXAG-6 and Florunner (Burow et al. 2014a).
The effect the FAD2B allele on O/L ratio was only significant
across environments using a P value of 0.001 for SMA.
However, the ahFAD2A allele was associated with O/L ratio
at a significance level of P<0.07 at College Station, Lubbock,
and across environments (data not shown). Analysis of a small
population consisting of fewer than 100 individuals limits the
statistical power available to identify minor effect QTLs and
can lead to the overestimation of genetic effects of major
QTLs (Beavis 1998). Therefore, a larger population size com-
bined with a less stringent P-value could result the discovery
of additional significant QTLs, such as ahFAD2 SNPs and O/
L ratio.

Epistatic interactions are key factors underpinning the in-
tricate genetic systems governing quantitative traits in crop
species. These interactions are difficult for breeders to manip-
ulate because they are difficult to measure, often sensitive to
environment, and typically explain only a small amount of
phenotypic variation (Bernardo 2010). Herein, multiple epi-
static interactions were identified at a stringent statistical
threshold, but there were no interactions identified consistent-
ly for any single trait across all environments. However, it is
notable that almost 38 % of all significant epistatic interactions
identified for fatty acid composition across environments in-
volved one or more markers from LG5. Potentially, this addi-
tive epistatic variation could be fixed in inbred lines using
markers for selection. In practice, this would be a difficult task
for breeders due to the sensitivity of these interactions to
environment.

Conclusions

Phenotypic observations including heritability and correlation
analysis emphasize the limits associated with improving oil
concentration and fatty acid composition. Our data indicate
strong phenotypic associations and genetic linkages among
many fatty acids and between oil concentration and fatty acid
composition across diverse environments. These relationships
likely cannot be altered through conventional breeding tech-
niques or marker assisted selection. However, paired compar-
isons indicate that most measured phenotypic associations for
oil quality and quantity are not fixed and are sensitive to en-
vironment and/or genetic background. Identifying desirable-
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trait markers present in multiple environments that are not
tightly linked with undesirable markers could greatly improve
selection efficiency through pyramiding multiple positive ef-
fect QTL allele linked markers. It is expected that
transcriptome- and whole-genome sequencing of peanut
may lead to the discovery of a multitude of gene sequences
and gene-based markers, which will aid in the unraveling of
the complex gene networks governing quantitatively inherited
traits.

Methods
Plant Materials

A single backcross population was developed for genetic
mapping using a Florunner (Norden et al. 1969) component
line (UF439-16-10-3-2) and synthetic amphidiploid TxAG-6
(Simpson 1991). This BCF; population consisting of 78 in-
dividuals was previously used to create a restriction fragment
length polymorphism (RFLP) linkage map (Burow et al.
2001) and an SSR linkage map (Gomez et al. 2008). Two
additional backcrosses to Florunner were completed to pro-
duce a BC; population representing a subset of the original
BC,F, mapping population as described by Burow et al.
(2014b). BCsF¢ populations were derived from BC;F; plants
through single-seed descent.

A total of 90 BC;Fg breeding lines were planted in a
randomized complete block design consisting of twin
10 ft. rows and two replications at a field site near
Brownfield, TX in 2010. These 90 BC;F4 breeding lines
were planted in 12 in. diameter clay pots containing two
plants with two replications in a greenhouse at College
Station, TX and Lubbock, TX in 2012. Phenotyping was
performed for oil concentration, palmitic acid (16:0),
stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2),
arachidic acid (20:0), eicosenoic acid (20:1), behenic acid
(22:0) lignoceric acid (24:0), and O/L ratio on seed pro-
duced at each environment. For oil concentration, a 10 g
sample of sound mature kernels was randomly selected
from each plot at Brownfield, TX and each individual
plant at the greenhouse environments. These samples were
measured using nuclear magnetic resonance (NMR) as de-
scribed previously (Wilson et al. 2013b; Wilson et al.
2013c). Fatty acid methyl esters (FAME) of extracted pea-
nut oil were prepared similar to Jungman (2000). Fatty
acid composition of FAME solutions was measured using
gas chromatography using protocols developed by Wilson
et al. (2013a). Oil was extracted from a composite of five
seeds from each replication because preliminary data (not
shown) indicated there was not a significant replication
effect for any fatty acid measured using a limited, random
sample of BC;F¢ lines within each environment.
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DNA Isolation

Ninety BC;F¢ were planted in the greenhouse at Texas A&M
AgriLife Research and Extension, Lubbock. Young leaf sam-
ples were harvested from each of the plants and were stored at
-80 °C upon freezing with liquid nitrogen. DNA was extracted
using the Qiagen DNAeasy (Valencia, CA) mini plant kit as
described by manufacturer’s protocol. The quality and quan-
tity of DNA was assessed using a Nano Drop-1000
spectrophotomoter and 1 % agarose gel.

SSR Genotyping

A total of 152 SSR primers pairs utilized by Gomez et al.
(2008) and Belamkar et al. (2011) were tested for polymor-
phisms between parents TxAG-6 and Florunner. Polymorphic
SSR primers were genotyped on 90 BCsF lines, along with
the two parents of the cross. Polymerase chain reaction (PCR)
amplifications were performed using a three-primer system
incorporating specific fluorescent dye-labeled primers as de-
scribed by Belamkar et al. (2011). Each 10 ul reaction
consisted of 10-20 ng of template DNA in TE buffer pH 8
.0, 1X PCR buffer, 2 mM MgCl,, 0.5 pl of 10 mM forward
and M13-tagged reverse primers, an M 13 reverse primer 5'-
GACGTTGTAAAACGACGGCC-3’" with a 5" dye fluores-
cent dye (D2, D3, or D4), 0.5 U Taq polymerase, and
1.25 pl of 2 mM dNTPs. Primer amplifications were complet-
ed in an MJ Research PTC 100 Thermal Cycler (BioRad,
Hercules CA) touchdown strategy similar to Belamkar et al.
(2011). The PCR protocol used was as follows: 3 m at 94 °C;
20 touchdown cycles of 30 s at 94 °C, 60s at 65-55 °C
(dropping 0.5 °C per cycle), 60 s extension at 72 °C; and
15 cycles of 30 s at 94 °C, 60s at 55 °C, 60 s at 72 °C; followed
by 5 cycles of 30 s at 94 °C, 60s at 49 °C, 60 s at 72 °C; then
10 mat 72 °C, followed by a soak at4 °C. The five cycles with
the 49 °C annealing temperature were added to enhance in-
corporation of the dye-labeled primer (Schuelke 2000).
Amplified products were detected on a Beckman Coulter
CEQ 8000 Genetic Analysis System.

SNP Genotyping

DGAT gene based sequences developed by Burow et al.
(2014a) and ahFAD2A and ahFAD2B sequences derived
from transcriptome data (Chopra et al. 2015) were used to
construct Kompetitive Allele Specific PCR (KASP) single
nucleotide polymorphism (SNP) primers. For each putative
varietal SNP, two allele-specific forward primers and one
common reverse primer were designed (LGC Genomics,
Hoddesdon, UK). Genotyping reactions were performed on
a LightCycler 480 (Roche, Branford, CT) in a final volume
of 10 ul containing 1 X KASP Reaction Mix (LGC Genomics,
Hoddesdon, UK), 0.14 pul Assay mix, and 10-20 ng genomic

DNA. The following cycling conditions were used: 15 min at
94 °C; 10 touchdown cycles of 20 s at 94 °C, 60s at 65-57 °C
(dropping 1.0 °C per cycle); 26 cycles of 20 s and 94 °C, 60 s
at 57 °C, and read at 37 °C for 5 s. Fluorescence detection of
the reactions was performed using a built- in scanner and the
data were analyzed using the LightCycler 480 software
(Roche, Branford, CT).

QTL Analysis

Composite interval mapping was performed using Rqtl pack-
age v.3.1.2 from R (Broman et al. 2003) using genetic dis-
tances from a BC{F; SSR map (Gomez et al. 2008) and
markers scores from the BC3;F¢ population. Single maker
analysis was performed on the BC;F population using the
SSR makers mapped to the BCF; population and additional
polymorphic SSR and SNP markers.

SSR sequences from six loci linked to one or more pheno-
typic traits were mapped to the publicly available genome
sequences for the A (Arachis duranensis) and B genome
(Arachis ipaénsis) progenitor species of cultivated peanut
(Bertioli et al. 2016). Two selected markers, PM36 and
IPAHM 103 have previously been linked to oil accumulation
in Arachis (Selvaraj et al. 2009; Sarvamangala et al. 2011),
while the loci tagged by TC7A02 is unique to this study. Other
loci selected for mapping were linked to multiple fatty acids in
different environments.

Statistical Analysis

Single marker analysis was performed with Proc GLM of SAS
ver. 9.2 (SAS Institute, Cary, NC) with LSMEANS estimates
for oil and fatty acid concentrations as the dependent variables
and genotypic scores as independent variables in each envi-
ronment. A separate analysis of combined data from all envi-
ronments that included an environment x marker effect as a
dependent variable was also performed. An R? value was
generated for each marker and phenotype combination to es-
timate the proportion of phenotypic variance accounted for by
the marker. For CIM, a LOD threshold of 3.3 was used to
correspond to a genome-wide P-value of 0.0001 and a LOD
score of 2.3 was used for a chromosomal P-value of 0.0001
(Larson and Mayland, 2007). PVE scores were estimated
using the formula h? = 1-102"°P™ from R-qtl, where n =
the number of individuals scored in the BC;F4 population.
Epistatic interactions were calculated using a 2-way scan
using the scantwo function in Rqtl. Three odds ratios were
calculated for the full model as detailed by Brothers et al.
(2013). In addition, these interactions were subject to a two-
way ANOVA in SAS Proc GLM (SAS Institute, Cary NC)
with phenotypic data as the response variable to determine
significance at a P-value of 0.001.
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Estimated genetic variance components were computed
using the GLM procedure of SAS. Broad-sense heritability
estimates for oil concentration and fatty acid concentrations
across environments were calculated using the following
formula: H? = Vg / [Vg + (Vge / €) + (V. / re)], where V,,
Ve, and V, refer to genotypic variance, genotype X environ-
ment variance and residual variance, respectively. Coefficients
‘e’ and ‘re’ refer to environments and replications within
environments.

Broad-sense heritability in each environment was calculat-
ed for oil concentration using the following formula: H* = Vg/
(Vg + Vo). There was one combined replication for fatty acids
in each environment; therefore, broad-sense heritability was
only calculated across environments. Pearson’s correlation co-
efficients for fatty acids and oil concentration were derived
using Proc CORR of SAS.
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