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Abstract Peanut is an important source of edible vege-
table oils worldwide. Saturated fatty acid content is a key
factor that affects the quality of peanut oil; thus, reducing
its content is a key objective in peanut breeding. In this
study, we constructed a dense genetic map of recombi-
nant inbred line (RIL) population (Zhonghua 10 × ICG
12625) with 1443 SSR loci, covering a total length of
2279.10 cM. Using phenotypic data from three environ-
ments, we have identified 59 additive QTLs including
eight stable ones and nine epistatic QTLs for various fatty
acids. Combination of conditional and unconditional
QTL analyses further revealed that there was a high
genetic correlation between stearic acid and very long-
chain saturated fatty acids. In addition, four QTL clusters
(CLB04-1, CLB04-2, CLB04-3, and CLB06) harboring

major and stable QTLs for saturated fatty acids were
identified, which explained 10.77–36.73%, 35.10–
41.89%, 10.79–39.18%, and 4.85–20.32% phenotypic
variations, respectively. The physical interval of four
QTL clusters was located at pseudomolecule B04 and
B06 of Arachis ipaensis, containing putative genes that
encode enzymes and transcription factors involved in
fatty acid biosynthesis pathways. This study comprehen-
sively analyzed the genetic components that controlled
saturated fatty acid profiles and identified four QTL
clusters containing stable QTLs with large effects. Our
results could provide a platform for further gene discov-
ery and guide the development of markers for genome-
wide assisted selection of varieties with desired compo-
nents of saturated fatty acids.
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Introduction

Peanut (Arachis hypogaea L., 2n = 4x = 40) is one of the
most important oilseed crops, that is widely cultivated in
over 100 countries. In 2016, global production of peanut
was 43.98 m tons (in the shell) harvested from an area of
27.66 m ha (FAO 2016). Peanut seeds contain approx-
imately 50% oil that has been used as edible oil. The
annual global consumption of peanut oil was more than
5.50 m tons (USDA 2017).
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Peanut oil is composed of eight fatty acids, i.e.,
palmitic acid (C16:0), stearic acid (C18:0), oleic acid
(C18:1), linoleic acid (C18:2), arachidic acid (C20:0),
gadoleic acid (C20:1), behenic acid (C22:0), and
lignoceric acid (C24:0). Unsaturated fatty acids, such
as oleic acid and linoleic acid, accounted for 80% of
peanut oil, influencing oil quality (Pandey et al. 2014;
Rizzo et al. 1986; Vassiliou et al. 2009). Another unsat-
urated fatty acid (gadoleic acid) accounted for a tiny
proportion of peanut oil. Remaining 20% of fatty acids
are saturated fatty acids that have been proved to be
essential for the nutrient value of peanut oil (Wang et al.
2015). Palmitic acid (saturated fatty acid) has been
reported to impair insulin sensitivity and increase risks
of atrial fibrillation (Fretts et al. 2014; Kato et al. 2008).
Other saturated fatty acids, such as stearic acid,
arachidic acid, behenic acid, and lignoceric acid, have
also been associated with high risk of cardiovascular
and multiple sclerosis diseases (Fretts et al. 2014; Hon
et al. 2009; Siri-Tarino et al. 2010). Therefore, it is
imperative to manipulate recombination of alleles asso-
ciated with contents of saturated fatty acids to achieve
optimized fatty acid composition in peanut.

Various studies have been conducted to elucidate fatty
acid biosynthetic pathway in many crops (Barker et al.
2007; Basnet et al. 2016; Ha et al. 2014; Montoya et al.
2013; Singh et al. 2013). In peanut, two mutants of
ahFAD2 genes were isolated and characterized from
genotypes with high oleic/linoleic acid (O/L) ratio,
showing that ahFAD2 genes encode enzymes to facilitate
the conversion of oleic acid into linoleic acid (López
et al. 2000). Later, two different genetic maps with 206
loci for S-population (SunOleic 97R × NC94022) and
378 loci for T-population (Tifrunner ×GT-C20) were
constructed to evaluate the contribution of FAD2 genes/
loci in oil quality through QTL analyses (Pandey et al.
2014). Using a high-density genetic map based on SNP
and SSR markers, large effect of FAD2 genes/loci on
contents of oleic acid and linoleic acid has also been
estimated again in different genetic background (Hu
et al. 2018). Except for FAD2 genes/loci, four QTLs for
oleic acid, linoleic acid, and O/L ratio with 1.4–9.7%
phenotypic variation explained (PVE) were identified
using a genetic map with 45 loci (Sarvamangala et al.
2011). Further, QTL analysis for saturated fatty acids and
gadoleic acid was performed in two RIL populations
(SunOleic 97R × NC94022 and Tifrunner ×GT-C20),
and 164 additives and 27 epistatic QTLs were identified
for six fatty acids (Wang et al. 2015). Based on the RIL

population (Zhonghua 10 × ICG12625), our lab previ-
ously constructed a genetic map with 470 SSR markers.
In total, ten QTLs for six fatty acids with 1.72–20.20%
PVE have been detected in a single environment (Huang
et al. 2015). Recently, a dense genetic map with 1435
loci was constructed to explore the loci associated with
saturated and unsaturated fatty acids using phenotypic
data from an F2 population. In total, 21 QTLs with 7.6–
78.6% PVE were identified in a single environment
(Shasidhar et al. 2017). Except for linkage analysis,
association analysis for fatty acids was conducted in
the mutant population consisted of 50 genotypes. In
total, 12 loci associated with eight fatty acids have been
identified (Hake et al. 2017). Although various QTLs
have been identified for fatty acids in previous studies,
only two FAD2 genes/loci showed large and stable ef-
fects for two unsaturated fatty acids (oleic acid and
linoleic acid). However, large and stable QTLs with
tightly linked markers are still rare for saturated fatty
acids in peanut.

In this study, we constructed a highly dense and
quality map with 1443 SSR loci to explore stable
QTLs controlling contents of saturated fatty acids
across multiple environments. The markers tightly
linked to stable QTLs would be potentially used in
genome-assisted breeding for the desirable saturated
fatty acid profile in peanut.

Materials and methods

Development of mapping population

In this study, a mapping population with 140 inbred
lines was developed from a cross between Zhonghua
10 and ICG12625 using single seed descent method
at the Oil Crops Research Institute of Chinese Acad-
emy of Agricultural Sciences (OCRI-CAAS), Wu-
han, China. The female parent, Zhonghua 10
(A. hypogaea var. vulgaris), was developed by
OCRI-CAAS and the male parent, ICG12625
(A. hypogaea var. aequatoriana), was a germplasm
line from International Crop Research Institute for
Semi-Arid Tropic (ICRISAT), India. Both parents
contained wild-type alleles of FAD2A and FAD2B.
The F7 generation of RIL population was utilized for
generating genotypic data, and F8–F10 generations
were used for analysis of fatty acids.
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Phenotyping of fatty acids in the mapping population

RIL population and two parental lines were cultivated in
experimental fields with two replications in Wuhan,
China, during 2015–2017. The field trial in each year
was considered as one environment. Thus, three trials
were designated as three environments named as Wu-
han2015, Wuhan2016, and Wuhan2017. The peanut
diversity panel consisting of 99 accessions fromChinese
peanut mini-mini core collection was planted in the
experimental fields in 2016, Wuhan. The seeds of RIL
lines and two parents were harvested and used for
chemical analysis of oleic acid (C18:1), linoleic acid
(C18:2), palmitic acid (C16:0), stearic acid (C18:0),
arachidic acid (C20:0), behenic acid (C22:0), and
lignoceric acid (C24:0).

Fatty acid profile was generated as described previ-
ously (Pandey et al. 2014). Approximately 20 mg of
finely grounded seed tissue was used for extraction with
1 mL petroleum ether. Then 400 μL of 0.5 mol/L sodi-
um methoxide (NaOCH3) in methanol solution was
added to the tube to convert fatty acids to methyl esters.
After 1 h, the organic layer containing the methyl esters
was collected and subsequently transferred to an
autosampler vial for gas chromatograph analysis. An
Agilent 7890B gas chromatograph equipped with a
flame ionization detector (FID) was used to analyze
the fatty acid profile of the samples (Agilent Technolo-
gies, USA). Peak separation was carried out on DB-23
capillary column (30 m × 0.25 mm I.D., 0.25 μm film
thickness, Agilent Technologies, USA). At split ratio of
60:1, 1 μL of sample was injected into the column at
220 °C isothermally. The temperature of the inlet and
detector were set at 260 °C and 280 °C, respectively.
Nitrogenwas used as carrier gas at a flow rate of ~ 1 mL/
min. Fatty acid composition was determined by calcu-
lating relative peak areas.

Phenotypic data analysis

Statistical analyses for phenotyping data of fatty acid
composition in three environments were performed
using IBM SPSS Statistics software (version 21). Anal-
ysis of variance was performed to evaluate the signifi-
cant difference among RILs, environments, and RILs ×
environments interaction. Correlation analysis among
different fatty acids was also performed on IBM SPSS
Statistics software (version 21).

Genotyping of RILs and construction of an improved
genetic map

Genomic DNAwas extracted from young leaves using a
modified CTABmethod. PCRwas performed according
to the previous study in our lab (Luo et al. 2017b). Total
2240 SSR markers developed from genomes of
A. duranensis and A. ipaensis were utilized to screen
polymorphism between two parents (Luo et al. 2017c).
Further, polymorphic SSR markers were used to geno-
type the RIL population to improve the previous genetic
map (Huang et al. 2016). The improved genetic map
was constructed using JoinMap software with minimum
logarithm of odds (LOD) of 4.0 (Stam 1993). Kosambi
mapping function was used to transform recombinant
ratio into genetic distance. Linkage groups (LGs) were
assigned to the chromosome through aligning to the
integrated consensus genetic map (Shirasawa et al.
2013) and genome sequences of A. duranensis and
A. ipaensis (Bertioli et al. 2016). Pearson’s chi-squared
test was carried out to assess the goodness of fit to
expected segregation ratio 1:1 for each locus (P < 0.05).

QTL analysis of fatty acids

The improved genetic map along with phenotyping data
of saturated fatty acid contents was used to identify
QTLs. IciMapping was performed to detect additive
QTLs (Meng et al. 2015), and QTLNetwork was carried
out to identify additive and epistatic QTLs (Yang et al.
2008). For IciMapping software, inclusive composite
interval mapping method with 1D scanning was
employed in additive QTL analysis. The mapping pa-
rameters were set as 1.0 cM step, 0.001 probability, and
LOD threshold score was 3.0. Mixed liner model and
2D genome scan from QTLNetwork were used to iden-
tify additive and epistatic QTLs. Thresholds of QTL
detection were calculated by 1000 permutations, and
Monte Carlo Markov chain method with 20,000 Gibbs
sample size was used to estimate QTL effect. The pa-
rameters, such as walk speed and testing window size,
were set at 1.0 cM and 10 cM, respectively. In addition,
conditional phenotypic values, i.e., y(C20:0|C18:0),
y(C22:0|C18:0), and y(C24:0|C18:0), generated by
QGA Station software (Zhu 1995) were utilized to iden-
t i fy condi t ional QTLs using QTLNetwork.
C20:0|C18:0, C22:0|C18:0, and C24:0|C18:0 represent
the traits of arachidic acid, behenic acid, and lignoceric
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acid, respectively, conditioning on the trait of stearic
acid.

Annotation of putative genes in physical intervals
of four QTL clusters

Markers linked to QTL clusters were aligned on the
genome of A. ipaensis to locate physical interval of four
QTL clusters. Sequences and annotations of putative
genes in physical intervals were downloaded from
PeanutBase database (Bertioli et al. 2016). Lipid
metabolism-related genes and transcription factor genes
were obtained from previous studies (Bates et al. 2014;
Wilson et al. 2008) and searched against homologous
genes in Arachis duranensis (A. duranensis) and
Arachis ipaensis (A. ipaensis) using Blast tool with an
E value cutoff of 1e−5 (https://blast.ncbi.nlm.nih.gov).

Results

Phenotypic variation of fatty acids in peanut

Significant phenotypic variations of fatty acid composi-
tion were observed in the RIL population and two
parents across three environments (Table S1). Continu-
ous distributions with transgressive segregation of phe-
notypic values for seven fatty acids in RILs are present-
ed in Fig. 1. Further, the Shapiro-Wilk test demonstrated
that phenotypic data were normally distributed for
palmitic acid, oleic acid, linoleic acid, behenic acid,
and lignoceric acid; however, theywere skewed towards
lower values for stearic acid and arachidic acid
(Table S1, Fig. 1). Variance analyses of three environ-
ments indicated that genetic and environmental effects
significantly influenced the phenotypes of seven fatty
acids (P < 0.05) (Table S2).

Correlation analysis demonstrated that palmitic acid
was negatively correlated with stearic acid (r = − 0.485,
P < 0.001), oleic acid (r = − 0.599, P < 0.001), and
arachidic acid (r = − 0.522, P < 0.001). However, it
was positively correlated with linoleic acid (r = 0.562,
P < 0.001). Similarly, stearic acid was positively corre-
lated with arachidic acid (r = 0.903, P < 0.001) and
arachidic acid was positively correlated with behenic
acid (r = 0.540, P < 0.001). Further, lignoceric acid
was also positively correlated with behenic acid (r =
0.581, P < 0.001) (Table S3). Thus, five saturated fatty
acids were found to be correlated with each other.

Improved genetic map construction

The RIL population derived from the cross of Zhonghua
10 and ICG 12625 has been previously used to construct
a genetic map with 1272 loci (Huang et al. 2016). In this
study, additional polymorphic SSR markers developed
from genomes of A. duranensis and A. ipaensis (Luo
et al. 2017c) were utilized to improve the genetic map.
Finally, 1399 polymorphic SSRmarkers generated 1443
loci for the RIL population. One SSR marker amplified
three loci, 42 markers amplified two loci, and the re-
maining 1356markers amplified a single locus. Of 1443
genetic loci, 1387 loci were co-dominant, while others
were dominant. The improved genetic map of 1443 loci
covered a total length of 2279.10 cM with an average
inter-marker distance of 1.58 cM (Table 1). All loci were
grouped into 20 LGs, designated as A01–A10 for A
subgenome and B01–B10 for B subgenome through
alignment of the markers to the integrated consensus
genetic map (Shirasawa et al. 2013) and genome of
A. duranensis and A. ipaensis (Bertioli et al. 2016).
The number of mapped loci varied from 30 (A06) to
106 (A05) and length of LGs ranged from 70.88 cM
(B05) to 164.47 cM (A02). In total, 687 loci with a
length of 1213.62 cM were assigned to A subgenome
and 756 loci with a length of 1065.48 cm were assigned
to B subgenome (Table 1, Fig. S1). Chi-squared analysis
indicated that 154 loci (10.67%) exhibited significantly
distorted segregation (P < 0.05). Of the 154 loci, 110
skewed towards Zhonghua 10 and remaining 44 loci
skewed towards ICG 12625. The percent of skewed loci
in LGs varied from 1.89% (A05) to 36.96% (A03). The
skewed loci in A03, A09, B07, and B10 favored
Zhonghua 10 allele, while the skewed loci in A02 and
B01 favored ICG 12625. Besides, there were 10 LGs
that harbored less than five skewed loci (Table 1,
Table S4).

Identification of additive QTLs for seven fatty acids

Genotype and phenotype data of the RIL population
across three environments (Wuhan2015, Wu-
han2016, and Wuhan2017) were used to perform
genome-wide QTL analysis for seven fatty acids.
Results showed that there were 18 additive QTLs
on four LGs and 41 additive QTLs on nine LGs for
seven fatty acids detected by QTLNetwork and
IciMapping, respectively (Table 2). In total of 59
QTLs, 10 QTLs for palmitic acid, 11 QTLs for
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Fig. 1 Phenotypic distribution of seven fatty acids in the RIL
population. x-axis represented average percentage range of 3 years
(2015 to 2017) of fatty acids and y-axis showed the number of

individuals in the RIL population. Red and blue arrows indicated
phenotype of female and male parent, respectively
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stearic acid, four QTLs for oleic acid, three QTLs
for linoleic acid, 13 QTLs for arachidic acid, 10
QTLs for behenic acid, and eight QTLs for
lignoceric acid showed corresponding phenotypic
variations of 7.68–21.52%, 4.68–41.89%, 9.28–
21.53%, 10.61–16.42%, 3.63–36.90%, 7.90–
19.26%, and 6.54–43.44%, respectively. Among
the additive QTLs, eight QTLs for four saturated
fatty acids (one for palmitic acid, three for stearic
acid, three for arachidic acid, and one for behenic
acid) were repeatedly detected in multiple environ-
ments. In particular, four major and stable QTLs
located on LG B04 explained phenotypic variations
of 13.84–41.89% for stearic acid, arachidic acid, and
behenic acid in different environments. In addition,
two stable QTLs for stearic acid and arachidic acid
were mapped on LG B06. Although there were nine
LGs harboring 52 additive QTLs for saturated fatty

acids, LG B04 held the highest number of 23 QTLs
followed by 12 QTLs on LG B06. It indicated that
chromosomes B04 and B06 are rich in genes con-
trolling contents of saturated fatty acids.

Detection of epistatic QTLs for fatty acid in the RIL
population

Epistatic QTL analysis using QTLNetwork resulted in
detection of nine epistatic QTLs (E-QTLs) with two-
locus interactions for palmitic acid (1), stearic acid (2),
oleic acid (2), linoleic acid (1), and arachidic acid (3)
(Table S5, Fig. 2). The effect of additive by additive
interaction varied from − 0.37 to 1.11 and the PVE of
two-locus interaction ranged from 0.87 to 9.44%. Be-
sides, one epistasis-by-environment interaction with
1.64% PVE was detected for oleic acid. It was observed
that nine two-locus interactions were found to be

Table 1 Description of high-density genetic map for the RIL population

Linkage group Length (cM) Loci Interval (cM/loci) SDL P1 P2

A01 97.00 69 1.41 2 (2.90) 2 0

A02 164.47 69 2.38 17 (24.64) 3 14

A03 149.18 92 1.62 34 (36.96) 33 1

A04 111.34 65 1.71 2 (3.08) 0 2

A05 152.27 106 1.44 2 (1.89) 1 1

A06 92.74 30 3.09 5 (16.67) 5 0

A07 100.57 70 1.44 3 (4.29) 1 2

A08 160.88 43 3.74 9 (20.93) 6 3

A09 104.35 81 1.29 7 (8.64) 7 0

A10 80.83 62 1.30 3 (4.84) 3 0

B01 104.27 60 1.74 13 (21.67) 1 12

B02 158.37 100 1.58 3 (3.00) 3 0

B03 94.47 65 1.45 2 (3.08) 2 0

B04 89.97 57 1.58 4 (7.02) 1 3

B05 70.88 59 1.20 3 (5.08) 2 1

B06 80.65 99 0.81 7 (7.07) 5 2

B07 130.64 72 1.81 19 (26.39) 18 1

B08 97.16 76 1.28 2 (2.63) 2 0

B09 158.32 84 1.88 7 (8.33) 5 2

B10 80.76 84 0.96 10 (11.90) 10 0

A subgenome 1213.62 687 1.77 84 (12.23) 61 23

B subgenome 1065.48 756 1.41 70 (9.26) 49 21

Total 2279.10 1443 1.58 154 (10.67) 110 44

SDL, the number and percentage (within the parenthesis) of segregation distortion loci in each linkage group (P < 0.05); P1, the number of
loci that segregated distortedly to the female parent Zhonghua 10; P2, the number of loci that segregated distortedly to the male parent ICG
1625
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Table 2 Identification of additive QTLs for fatty acids by QTLNetwork and IciMapping

Software Trait QTL Environment LG CI (cM) Marker interval Additive PVE
(%)

QTLNetwork Palmitic acid (C16:0) nqPalB04.1 Wuhan2015 B04 26.8–30.6 AGGS2052-AGGS1601 − 0.440 19.82

nqPalB04.2 Wuhan2017 B04 43.5–45.6 AGGS2500-AGGS1750 − 0.423 16.06

nqPalA01 Wuhan2017 A01 89.5–90.3 AGGS2508-AHGS1646 0.299 7.68

Stearic acid (C18:0) nqSteB04.1 Wuhan2017 B04 26.8–30.6 AHGS2017-AGGS2052 0.286 36.73

nqSteB04.2 Wuhan2015 B04 38.8–40.0 Ai04B9397-AHGS2100 0.344 41.89

Wuhan2016 B04 38.8–40.0 Ai04B9397-AHGS2100 0.338 36.02

Wuhan2017 B04 38.8–40.0 Ai04B9397-AHGS2100 0.245 35.10

nqSteB04.3 Wuhan2015 B04 46.1–47.4 AGGS1590-AGGS0186 0.266 39.18

Wuhan2016 B04 46.1–47.4 AGGS1590-AGGS0186 0.278 33.71

nqSteB06 Wuhan2015 B06 59.8–60.8 AGGS1854-AHGS1943 0.297 6.64

Wuhan2016 B06 59.8–60.8 AGGS1854-AHGS1943 0.302 4.85

Oleic acid (C18:1) nqOleB06 Wuhan2017 B06 34.0–35.6 Ai06B8308-AGGS0983 − 1.421 13.85

Arachidic acid
(C20:0)

nqAraB04.1 Wuhan2017 B04 27.8–30.2 AGGS2052-AGGS1601 0.133 34.40

nqAraB04.2 Wuhan2015 B04 32.9–34.4 AGGS2488-AHGS1885 0.058 34.59

nqAraB04.3 Wuhan2015 B04 38.8–40.0 Ai04B9397-AHGS2100 0.123 36.90

Wuhan2016 B04 38.8–40.0 Ai04B9397-AHGS2100 0.124 36.34

nqAraB04.4 Wuhan2016 B04 46.1–47.4 AGGS1590-AGGS0186 0.084 32.79

nqAraB06 Wuhan2016 B06 55.2–56.3 AGGS2292-1-HAS0969 0.119 8.30

Behenic acid (C22:0) nqBehB04.1 Wuhan2015 B04 48.1–51.5 GM2246-2-Ai04B4849 0.133 15.60

Wuhan2017 B04 48.1–51.5 GM2246-2-Ai04B4849 0.116 13.84

nqBehB04.2 Wuhan2016 B04 66.5–71.4 AGGS2569-GM1959 0.174 14.02

Lignoceric acid
(C24:0)

nqLigA10 Wuhan2015 A10 18.2–19.8 AGGS2329-TC1G4 − 0.052 10.85

nqLigB04 Wuhan2015 B04 48.1–51.5 GM2246-2-Ai04B4849 0.063 14.48

nqLigB06 Wuhan2016 B06 18.0–19.6 AGGS1713-1-AGGS1190 0.068 9.16

IciMapping Palmitic acid (C16:0) iqPalA01.1 Wuhan2015 A01 73.1–77.2 AHGS2019-AGGS0352 − 0.29 9.37

iqPalA01.2 Wuhan2015 A01 86.9–87.1 GA110-AGGS1516 0.38 15.99

Wuhan2016 A01 86.9–87.1 GA110-AGGS1516 0.35 8.13

iqPalA01.3 Wuhan2017 A01 90.3–91.2 AHGS1646-AHGS1668 0.36 12.29

iqPalA02 Wuhan2015 A02 61.9–62.5 Ad02A11826-AGGS0012 0.33 12.15

iqPalB04.1 Wuhan2015 B04 29.2–30.6 AGGS2052-AGGS1601 − 0.40 17.41

iqPalB04.2 Wuhan2017 B04 43.0–43.6 HAS0556-AGGS2500 − 0.48 21.52

iqPalB04.3 Wuhan2016 B04 47.4–48.1 AGGS0186-GM2246-2 − 0.48 15.56

Stearic acid (C18:0) iqSteA08 Wuhan2017 A08 62.7–68.5 TC9F10-AGGS1077-1 − 0.19 6.71

iqSteA10 Wuhan2015 A10 28.4–30.2 AHGS1390-AGGS2013 − 0.21 6.80

iqSteA11 Wuhan2015 B01 5.2–10.6 Ai01B29350-AhTE0113 0.17 4.68

iqSteB04 Wuhan2015 B04 43.0–43.6 HAS0556-AGGS2500 0.34 18.35

iqSteB06.1 Wuhan2015 B06 58.8–59.3 Ai06B27120-AGGS0264 0.29 13.27

iqSteB06.2 Wuhan2016 B06 59.8–60.8 AGGS1854-AHGS1943 0.35 16.37

iqSteB06.3 Wuhan2017 B06 63.9–65.0 Ai06B25286-AHGS1900 0.20 6.81

Oleic acid (C18:1) iqOleB02 Wuhan2017 B02 60.9–62.3 AHGS2238-Ai02B4283 − 1.16 9.28

iqOleB06.1 Wuhan2017 B06 34.0–35.1 Ai06B8308-AGGS1205 − 1.76 21.53

iqOleB06.2 Wuhan2015 B06 66.6–68.4 AGGS2573-AhTE0569 − 1.23 12.67

Linoleic acid (C18:2) iqLinA04 Wuhan2017 A04 59.6–60.7 TC29C7-AGGS1414 1.06 10.61

iqLinB02 Wuhan2017 B02 60.9–62.3 AHGS2238-Ai02B4283 1.07 10.69
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mapped on eight LGs, and four interactions with posi-
tive effect for saturated fatty acids were observed be-
tween B04 and B06. In particular, one epistatic locus
between two markers (AGGS1854 and AHGS1943) on
LG B06 was able to interact with three different loci on
LGB04 (two for arachidic acid and one for stearic acid).
In addition, there were nine epistatic loci which did not
have individual additive effect but showed epistasis
effect on interaction with other loci, suggesting that
these loci might affect fatty acid contents by epistatic
interaction and not by individual effect.

Localization of QTL clusters on chromosomes B04
and B06

After plotting QTLs on LGs, it was observed that many
QTLs for saturated fatty acids clustered together. And

four QTL clusters (CLB04-1, CLB04-2, CLB04-3, and
CLB06) were found to be mapped on LG B04 and B06
(Table 2, Fig. 3). CLB04-1 was located between
AHGS2017 and AGGS1601 on LG B04, which
contained six QTLs with 10.77–36.73% PVE for
palmitic acid, stearic acid, arachidic acid, and behenic
acid. CLB04-2 was found to be in between Ai04B9397
and AHGS2100 harboring two major and stable QTLs
for stearic acid and arachidic acid explaining 35.10–
41.89% of phenotypic variations. CLB04-3, located
between HAS0556 and AGGS1236, consisted of 12
QTLs for five saturated fatty acids, including two stable
and major QTLs with 10.79–39.18% PVE. CLB06 lo-
cated between Ai06B271120 and Ai06B28485 on LG
B06 contained six QTLs with 4.85–20.32% PVE, in-
cluding two stable QTLs for stearic acid, arachidic acid,
and behenic acid. Altogether, four QTL clusters

Table 2 (continued)

Software Trait QTL Environment LG CI (cM) Marker interval Additive PVE
(%)

iqLinB06 Wuhan2017 B06 34.0–35.1 Ai06B8308-AGGS1205 1.32 16.42

Arachidic acid
(C20:0)

iqAraA10 Wuhan2015 A01 32.6–33.2 AGGS1301-AGGS1118-1 − 0.07 6.69

iqAraB01 Wuhan2016 B01 10.6–19.3 AhTE0113-pPGSseq10C12 0.06 3.63

Wuhan2017 B01 10.6–19.3 AhTE0113-pPGSseq10C12 0.06 6.24

iqAraB02 Wuhan2016 B02 13.9–27.1 AGGS1625-AHGS2344 − 0.07 5.63

iqAraB04.1 Wuhan2017 B04 26.8–29.2 AHGS2017-AGGS2052 0.07 10.77

iqAraB04.2 Wuhan2017 B04 43.0–43.6 HAS0556-AGGS2500 0.10 20.25

iqAraB04.3 Wuhan2015 B04 47.4–48.1 AGGS0186-GM2246-2 0.09 10.79

iqAraB06.1 Wuhan2015 B06 58.8–59.3 Ai06B27120-AGGS0264 0.10 14.19

iqAraB06.2 Wuhan2016 B06 60.8–61.8 AHGS1943-TC38D6-1 0.13 20.32

Wuhan2017 B06 60.8–61.8 AHGS1943-TC38D6-1 0.08 11.10

Behenic acid (C22:0) iqBehA06 Wuhan2017 A06 19.7–20.5 pPGPseq4E12-AGGS1441 0.12 15.61

iqBehA08 Wuhan2016 A08 151.9–158.3 AHGA316376-AHGS1094 − 0.11 7.96

iqBehB02 Wuhan2015 B02 76.0–76.2 GNB1040-1-AGGS1175 − 0.09 8.19

iqBehB04.1 Wuhan2017 B04 26.8–29.2 AHGS2017-AGGS2052 0.11 14.47

iqBehB04.2 Wuhan2015 B04 51.5–53.9 Ai04B4849-AGGS1236 0.12 14.25

iqBehB04.3 Wuhan2016 B04 66.5–71.4 AGGS2569-GM1959 0.16 19.26

iqBehB06.1 Wuhan2017 B06 14.8–18.0 AGGS1515-GM2444 0.09 10.05

iqBehB06.2 Wuhan2016 B06 61.8–62.3 TC38D6-1-Ai06B28485 0.11 7.90

Lignoceric acid
(C24:0)

iqLigA10 Wuhan2015 A10 18.8–20.3 AGGS2329-TC1G4 − 0.04 7.48

iqLigB02 Wuhan2015 B02 76.0–76.2 GNB1040-1-AGGS1175 − 0.04 6.54

iqLigB04 Wuhan2015 B04 51.48–53.87 Ai04B4849-AGGS1236 0.05 10.69

iqLigB06.1 Wuhan2017 B06 25.45–26.49 AHGA335472-AHGS1431 0.05 11.77

iqLigB06.2 Wuhan2015 B06 38.00–38.41 AGGS1450-1-AGGS1640 − 0.11 43.44

QTLs identified in more than one environment were highlighted in bold

LG linkage group, CI confidence interval, PVE phenotypic variation explained by additive effect
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harbored half of the total additive QTLs for five
saturated fatty acids (26 of 52), including six
stable QTLs with up to 41.89% PVE for stearic
acid, arachidic acid, and behenic acid.

After mapping the linked markers into the genome of
A. ipaensis, it was observed that the QTL clusters,
CLB04-1, CLB04-2, CLB04-3, and CLB06, were lo-
cated at 105.0–107.2 Mb, 27.4–31.7 Mb, 12.8–20.7 Mb
of pseudomolecule B04, and 115.4–121.1 Mb of
pseudomolecule B06, containing 112, 83, 381, and
294 putative genes, respectively (Fig. 3). Gene ontology
(GO) analysis indicated that binding and catalytic activ-
ities were most frequently observed among various mo-
lecular functions in four QTL clusters. Among all bio-
logical processes, cellular process andmetabolic process
were most frequently presented (Table S6 and Fig. S2).
A total of 20 genes were found in four QTL clusters,
which were homologous to the genes involved in lipid
metabolic pathways. These pathways include plastidial
fatty acid synthesis, TAG synthesis, plastidial
glycerolipid, galactolipid, and sulfolipid synthesis, cu-
ticular wax synthesis, lipid trafficking, beta-oxidation,
lipase, eukaryotic phospholipid synthesis, mitochondri-
al fatty acid, and lipoic acid synthesis (Table S6). In

addition, 41 genes in four QTL clusters were annotated
as transcription factors, belonging to 12 families (AP2,
B3, MYB, WRKY, LBD, CAMTA, FAR1, ARR-B,
ERF, bHLH, NAC, and MYB) (Table S6). It was note-
worthy that several members in MYB, B3, and AP2
transcription factor families could regulate fatty acid
synthesis, fatty acid elongation, and TAG synthesis
(Raffaele et al. 2008; Seo et al. 2011; To et al. 2012).

Validation of four QTL clusters for saturated fatty acids
in peanut diversity panel

Since four QTL clusters were found to harbor major and
stable QTLs for saturated fatty acids, 99 accessions from
Chinese peanut mini-mini core collection were
employed to verify that these loci are associated with
the content of saturated fatty acids in different genetic
background. Fatty acid composition of 99 accessions is
presented in Table S7. Genotyping of 554 SSR markers
in 99 accessions with Zhonghua 10 and ICG12625 has
been reported previously (Zhao et al. 2017). SSR
markers , such as AHGS1579, AHGS0288,
AHGA17736, AGGS1039 adjoining to CLB04-1,
CLB04-2, CLB04-3, and CLB06, respectively, and

Fig. 2 Diagram of epistatic interaction for multiple fatty acids. a–
e represent palmitic acid, stearic acid, oleic acid, linoleic acid, and
arachidic acid, respectively. Red balls indicated epistatic QTLwith
individual effect; black balls represented epistatic QTLs without

individual effect. Red lines indicated two loci have additive ×
additive interaction, and blue dashed line indicates two loci have
additive × (additive × environment) interaction
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marker AGGS0186 within CLB04-3, were found to be
polymorphic in 99 accessions (Fig. 2, Table S7). Acces-
sions containing Zhonghua 10 allele of AHGS1579
were significantly different from accessions containing
ICG12625 allele of AHGS1579 in terms of palmitic
acid, stearic acid, arachidic acid, and behenic acid
(Table S8). Moreover, stearic acid and arachidic acid
were found to be significantly different between acces-
sions with Zhonghua 10 allele of AHGS0288 and ac-
cessions with ICG12625 allele of AHGS0288. For
marker AHGA17736, accessions containing Zhonghua
10 allele were significantly different from accessions
with ICG12625 allele in terms of palmitic acid, stearic
acid, and arachidic acid content. In addition, for marker
AGGS0186 within CLB04-3, behenic acid and
lignoceric acid in accessions with Zhonghua 10 allele
were significantly lower than that of accessions with

ICG12625 allele (Table S8). For marker AGGS1039,
stearic acid and arachidic acid in accessions containing
Zhonghua 10 allele were significantly higher than that
of accessions with ICG12625 allele (Table S8).

Conditional QTL analysis

Results of unconditional QTL analysis showed that
additive QTLs for stearic acid clustered together with
QTLs for arachidic acid, behenic acid, and lignoceric
acid (Fig. 3). To investigate the role of stearic acid on
very long-chain saturated fatty acids at QTL level, we
conducted conditional QTL analysis using conditional
phenotypic values y(C20:0|C18:0), y(C22:0|C18:0),
and y(C24:0|C18:0). Six conditional QTLs with 7.98–
11.97% PVE were identified, including three additional

Fig. 3 Position of QTL clusters on physical maps. a–d represent
QTL clusters CLB04-1, CLB04-2, CLB04-3, and CLB06, respec-
tively. Left bars represented genetic maps and right bars indicated

corresponding physical maps. Boxes with dashed line indicated
clusters of QTLs for different saturated fatty acids. The markers
linked to QTL clusters are highlighted in red color
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QTLs for arachidic acid and behenic acid (only detected
in conditional QTL analysis) (Table S9).

Although two additional QTLs with 7.98–11.09%
PVE for arachidic acid were detected in conditional
QTL mapping, five QTLs, including those with 32.79–
36.90% PVE, were missing when compared with un-
conditional QTL analysis (Table 2, Table S9). Similarly,
QTL analysis for behenic acid conditioned on stearic
acid showed one additional QTL on LG A06; however,
there was a loss of two QTLs on LG B04 identified in
unconditional QTL analysis. Nevertheless, it did not
influence the QTLs for lignoceric acid irrespective of
QTL analyses conditioned on stearic acid or not. These
results suggested that stearic acid exhibited significant
influence on detection of QTLs for very long-chain
saturated fatty acids, except for lignoceric acid.

Discussion

Identification of QTLs for target trait and development
of linked markers are prerequisite for genomics-assisted
breeding in peanut (Janila et al. 2016). The efficacy and
resolution of QTL mapping greatly depend on marker
density of genetic map (Asins 2002). In 2009, first
genetic map based on SSRs was constructed with 135
loci in peanut (Varshney et al. 2009). Since SSRs are
abundantly found in genome, many researchers have
developed SSR markers and used them to construct
genetic map for QTL analysis (Chen et al. 2016; Cuc
et al. 2008; Gautami et al. 2012; Huang et al. 2015; Li
et al. 2016; Ferguson et al. 2004; Qin et al. 2012;
Shirasawa et al. 2012; Sujay et al. 2012; Zhang et al.
2012). In this study, more than 2000 SSR markers
developed from A. duranensis and A. ipaensis genomes
were screened (Luo et al. 2017c), and polymorphic
markers between parents and RILs were used to im-
prove previously constructed genetic map of the RIL
population derived from Zhonghua 10 × ICG 12625. In
comparison with the previous genetic map of same RIL
population (Huang et al. 2016), total loci and length of
linkage groups of improved genetic map in this study
increased from 1219 to 1443 and 2038.75 to 2279.10
cM, respectively. As a result, the final average marker
interval of improved genetic map decreased to 1.58 cm.
In this study, it is worth mentioning that additional SSR
markers with known genomic position were selected to
specifically increase density of LGs with fewer loci in
previous genetic map, such as A02 (from 41 to 69) and

B08 (from 45 to 76). The number of loci and density of
genetic map in this study were higher than that of recent
studies (Chen et al. 2017; Li et al. 2017; Luo et al.
2017a; Luo et al. 2017c) with the exception for integrat-
ed consensus map (Shirasawa et al. 2013). Moreover,
almost 90% of mapped loci segregated in RILs at the
expected ratio of 1:1, which was also relatively higher
than other studies (Chen et al. 2017; Luo et al. 2017a;
Luo et al. 2017c; Shirasawa et al. 2013). Therefore, it
can be ascertained that a high-quality and dense genetic
map was generated in this study. Using the same RIL
population, our lab previously constructed a genetic
map with 470 loci to identify QTLs for fatty acids
(Huang et al. 2015). Ten QTLs, including four major
QTLs with less than 21% PVE, were mapped on the
genetic map for six fatty acids. Intervals of QTLs varied
from 2.4 to 15.1 cm, with average length reaching up to
6.92 cM. In this study, more major QTLs (41 of 59)
were identified for seven fatty acids. Moreover, average
length of QTL interval decreased to 2.07 cM when
compared with that in previous study (Table 2). Thus,
it can be concluded that high density of genetic map
improved the resolution and efficacy of QTL mapping.

QTL mapping on the dense genetic map revealed
four QTL clusters on LG B04 and LG B06 for satu-
rated fatty acids (Table 2, Fig. 3). Three QTL clusters
(CLB04-1, CLB04-2, and CLB04-3) on LG B04
contained 20 major QTLs, including four stable ones
in multiple environments, showing phenotypic varia-
tions of 10.77–41.89% for palmitic acid, stearic acid,
arachidic acid, behenic acid, and lignoceric acid. A
36.4-cM interval harboring large effect QTLs for sat-
urated fatty acids has been identified in previous
study (Wang et al. 2015). The physical region of this
interval was overlapped with CLB04-2 and CLB04-3
at chromosome B04, indicating that chromosome B04
is likely to contain key loci mainly controlling fatty
acid profile. Another QTL cluster CLB06 harbored
six QTLs, including two stable QTLs with up to
20.32% PVE for three saturated fatty acids (stearic
acid, arachidic acid, and behenic acid). Moreover,
CLB06 was loca ted a t 115.4–121.1 Mb of
pseudomolecule B06, on which few QTLs for satu-
rated fatty acids (stearic acid, arachidic acid, and
behenic acid) have been previously mapped (Huang
et al. 2015; Pandey et al. 2014; Shasidhar et al. 2017;
Wang et al. 2015). These results indicated that CLB06
was a novel and reliable QTL cluster for various
saturated fatty acids. To confirm that these loci are
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associated with saturated fatty acid content in differ-
ent genetic backgrounds, markers within or adjoining
to QTL clusters were screened in 99 accessions of
Chinese peanut mini-mini core collection. Genotypes
of five markers from four QTL clusters were found to
be polymorphic in 99 accessions. After classifying 99
accessions based on these five markers, significant
phenotypic differences between accessions with
Zhonghua 10 allele and accessions with ICG12625
allele were observed in different saturated fatty acids
(Fig. 3; Tables S7 and S8). These results indicated that
four QTL clusters harboring major and stable QTLs
could potentially improve saturated fatty acid profile
through selecting the markers linked to the cluster in
genome-wide assisted breeding.

Moreover, targeting the four QTL clusters provided
an opportunity to explore key loci or genes regulating
fatty acid biosynthesis pathway in peanut. The physical
intervals of four QTL clusters in genome of Arachis
ipaensis contained 20 putative genes that are involved
in 11 lipid metabolic pathways (Table S6). Of these
genes, Araip.RI4NB encodes stearoyl-ACP desaturase,
which could directly transform stearic acid to oleic acid.
Mutation of homologous gene (AT1G43800.1) in
Arabidopsis led to higher accumulation of stearic acid
with lower content of oleic acid (Jin et al. 2017). In
addition, 41 genes in the four clusters were grouped into
12 transcription factor families (Table S6). Among
them, Araip.L6IES is a member of AP2 transcription
factor family. The homolog of Araip.L6IES is WRI1 in
Arabidopsis, which is known to regulate fatty acid syn-
thesis, fatty acid elongation, and triacylglycerol synthe-
sis (To et al. 2012). There are another five genes in four
QTL clusters, such as Araip.H0SLK, Araip.VFC9U,
Araip.P03KX, and Araip.T0DQ5, encoding MYB tran-
script factors. Several members of MYB family in
Arabidopsis have been reported to regulate acyl-CoA
elongase complex-related genes to control the synthesis
of very long-chain saturated fatty acids (Raffaele et al.
2008; Seo et al. 2011). Therefore, these transcription
factors located in QTL clusters could affect the content
of various fatty acids that are in the same biosynthesis
pathway. However, this needs to be further confirmed.

In this study, a high-density genetic map with 1443
loci was constructed to explore additive and epistatic
QTLs for comprehensive evaluation of genetic compo-
nents that control contents of seven fatty acids. Four
QTL clusters harboring several major and stable QTLs
were identified, which could explain up to 41.89% of

phenotypic variation for saturated fatty acids (palmitic
acid, stearic acid, arachidic acid, behenic acid, and
lignoceric acid). Targeting these QTL clusters for future
studies would help understand the fatty acid metabolism
in peanut and provide diagnostic markers for improve-
ment of cultivars with desired fatty acid composition.
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