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ABSTRACT

Peanut, with high oil content, has been a major oil and food crop globally. The compositions of the fatty acids are
the common factors in determining the oil quality. In the present study, an F2 segregated population with
140 individuals derived from the cross of Weihua8 (a cultivar) and 12149 (a line with high oleic acid concentra-
tion) was used to construct a genetic map and conduct QTL mapping analysis. A total of 103 polymorphic SSR
primers were utilized for genotyping the RILs and finally generating the SSR loci. Within the 103 SSR loci, a
genetic linkage map, covering a total length of 3592.35 cM of the whole peanut genome, was constructed. Based
on the genetic map, sixteen QTLs located on nine linkage groups related to peanut fatty acids were finally iden-
tified. Among them, four QTLs were detected associated with various traits simultaneously, which showed genetic
stability in relation to fatty acids of peanut. Except for the QTLs for oleic acid, linoleic acid, and linolenic acid,
three novel QTLs for arachidic acid and behenic acid were also detected. These QTLs might be helpful for further
fine mapping analysis and marker-assisted selection of fatty acids in peanut.
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1 Introduction

The cultivated peanut (Arachis hypogaea L., AABB 2n = 4x = 40) is a major oil crop mainly grown in
semiarid tropic regions of the countries in Asia, Africa, and the Americas. Among them, China, India, and the
United States are the leading producers, accounting for 70% of the total peanut production worldwide [1].
However, the principal usage of peanuts in different countries shows various significance. For instance, in
China and India, peanuts are primarily used for crushing oil, and in the United States, they are mainly
made into edible products [2]. Therefore, breeding specific peanut cultivars with appropriate oil content
for diverse objectives can be of key importance in agricultural production.

Commonly, peanut seeds contain approximately 50% oil content and can also be lower than 40% [3].
The major fatty acids, including oleic (C18:1) and linoleic acid (C18:2), account for nearly 80% of the
total peanut oil, while palmitic acid (C16:0), stearic acid (C18:0), arachidic acid (C20:0), gadoleic acid
(C20:1), behenic acid (C22:0), and lignoceric acid (C24:0) are the minor fatty acids occupying the other
20% of the oil [4]. The reasonable composition of fatty acids (ratio of saturated, monounsaturated, and
polyunsaturated lipids), to a large extent, determines the shelf life, stability, and nutritional quality of
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peanut and peanut-related products [5,6], further improving human health [7,8]. In general, a higher ratio of
oleic to linoleic acid (O/L ratio) is the most desired quality trait not only for the manufacturers to increase the
shelf life but also for the consumers in terms of its health benefits. In the 1980s, the first high oleic peanut
lines (F435-2-1 and F435-2-2), with oleic levels comparable to that of olive oil, were identified, and till now,
numerous high oleic cultivars have been developed, with F435 as the high oleic donor [9-12]. However, the
challenge for the peanut breeding program still exists, especially for targeting the ratios of various fatty
acids [13].

Recently, molecular markers have been used in discovering quantitative trait loci (QTL) or chromosomal
regions for many agronomic, disease resistance, and quality-related traits in peanuts for the development of
marker-assisted selection (MAS) [1,14-20]. When molecular markers are enough for constructing genetic
maps, linkage mapping on the basis of segregating populations derived from bi-parental crossing is still
the most popular and successful strategy to identify QTLs in peanut. Among the markers, simple
sequence repeat (SSR), with the features of codominant heritability, genome-wide dispersal, and simple
amplification, was the best choice in QTL mapping [21]. Based on the SSR markers, Cherif et al. [13]
detected 78 main-effect QTLs (M-QTLs) and 10 epistatic QTLs (E-QTLs) for oil content and oil quality
traits. Wang et al. [1] used two recombinant inbred line (RIL) populations and identified 34 major QTLs
(>10% of phenotypic variation (PVE) that were mapped on five linkage groups; additionally, 28 clusters
containing more than three QTLs were also found.

In the present study, an F2 segregated population with 140 individuals derived from the cross of Weihua
8 (a cultivar) and 12149 (a line with high oleic acid concentration) was used and aimed to (i) identify the
correlations among saturated and unsaturated fatty acids, (ii) construct a molecular genetic map of peanut,
and (iii) conduct QTL mapping for fatty acid-related traits.

2 Materials and Methods

2.1 Plant Materials, Phenotype Determination, and DNA Isolation

An F2 segregated population, derived from the cross of Weihua8 (a cultivar) and 12149 (a line with high
oleic acid concentration) was used to investigate phenotype and construct a linkage map. These samples were
planted in a single 4.5 m long row with a 10 cm distance between plants and 0.65 m distance between the
rows. Ten plants from each row were randomly collected and used to measure the oil, protein, and fatty acid
levels using the near-infrared spectrum instrument (NIRS, NIRFIex N-500) when the seeds were fully
mature. Each determination was repeated three times, with the mean value used as the content of each
component. The basic statistics of the minimum, maximum, mean, standard deviation and coefficient of
variation were analyzed in the parent and parent of the F2 population and the offspring, and the
correlation between the fatty acid components using SPSS 19 software. The total genomic DNA was
extracted from the young leaves of the two parents and 140 F2 RILs via a modified cetyltrimethyl
ammonium bromide method [22]. The integrity and quality of the DNA were evaluated on a 1% agarose
gel, and the purity and quantity were detected using the nucleic acid protein detector 0.

2.2 Marker Polymorphism and Polymerase Chain Reaction (PCR) Performance

In total, 429 SSR markers selected from the published research were used to screen the polymorphism
between the two parental genotypes, and the identified polymorphic SSRs were subsequently used for
genotyping the F2 population. The PCR reaction for SSR markers, each of 10 pl, contained 0.5 pl of
genomic DNA (100 ng/ul), 5 pl of 2 x Taq PCR StarMix polymerase, 1 pl of both primers (10 uM), and
3.5 pl of double-distilled water. The cycling conditions were set as 94°C for 3 min, 35 cycles at 94°C for
1 min, 55°C for 1 min, and 72°C for 1.5 min and a final extension at 72°C for 10 min. The PCR
products were then separated on a 6% polyacrylamide gel and visualized by silver staining [23].
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2.3 Construction of a Genetic Linkage Map

When an SSR marker was co-dominant, the band type derived from the female parent was marked “A”,
the one from the male parent was marked “B”, the heterozygous type was marked “H”, and the missing one
was marked “-”. When an SSR marker was dominant and contributed by the female parent, the band type
from the female parent was marked “D”, the one from the male parent was marked “B”, and the missing
one was marked “-”. Similarly, when an SSR marker was dominant and contributed by the male parent,
the band type from the male parent was marked “A”, the one from the female parent was marked “R”,
and the missing one was marked “-”. A linkage map was obtained using the QTL IciMapping software
[24]. The recombination ratio was converted to genetic distance using Kosambi’s mapping function [25].

2.4 QTL Analysis of Fatty Acids in Peanut

Based on the constructed genetic map, QTL analysis was carried out using QTL IciMapping4.1 software,
and the LOD threshold value was set as 2.0. The QTL mapping of fatty acids was performed with the
genotype data via the inclusive composite interval mapping (ICIM) method.

3 Results and Analysis

3.1 Phenotypic Characteristics and the Correlation among the Parents and F2 Separated Population

In this study, the oil, protein, and fatty acid contents (including oleic acid, linoleic acid, palmitic acid,
linolenic acid, arachidic acid, and behenic acid) of the mature seeds among the two parents and the
F2 segregated population were evaluated. As shown in Fig. 1 and Table 1, significant differences existed
in these traits between Weihua8 and 121.49. In the F2 progeny population, the variations on these traits
exceeded the parents, exhibiting transgressive segregation. Additionally, a continuous variation and a
near-normal distribution with no significant skewness and kurtosis were observed among all the traits,
indicating that these were the typical quantitative traits and that the results were suitable for the
subsequent QTL analysis (Fig. 1 and Table 1).

As summarized in Table 2, pairwise correlation analysis on these traits in the F2 population showed a
similar trend in trait association (Table 2). Significant positive correlations were observed between linoleic
acid and palmitic acid, linolenic acid, and behenic acid (r = 0.327, 0.4035, and 0.5318, respectively), as well
as between oleic acid and oil content (r = 0.2046). Palmitic acid showed a positive correlation with linolenic
acid (r = 0.4275) and behenic acid (r = 0.5355), and a positive correlation also existed between linolenic acid
and behenic acid (r = 0.5046). On the other hand, significant negative correlations were found between oil
content and linoleic acid, palmitic acid, linolenic acid, and behenic acid (r =—-0.2543,—0.3261, —0.3245, and
—0.2292, respectively). Additionally, oleic acid negatively correlated with linoleic acid, palmitic acid,
linolenic acid, and behenic acid (r = —0.428, —0.4846, —0.5219, and —0.6689, respectively).

3.2 Marker Polymorphisms and Genetic Map Construction and Integration

Here, a total of 429 pairs of SSR primers were used to screen the marker polymorphism. Out of them,
103 pairs were polymorphic between the parents Weihua8 and 12149, which accounted for 24.01% of the
total primers (Fig. 2 and Table 3). These 103 polymorphic SSR primers were then used for genotyping the
140 F2 RILs and finally generating the SSR loci (Table 3). A genetic linkage map, including the 103 SSR
loci, was constructed, and it covered a total length of 3592.35 cM of the whole peanut genome with an
average distance of 34.88 cM between the flanking markers (Fig. 3 and Table 3). These markers were
unevenly distributed across different chromosomes (Chr.), and the numbers.
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Figure 1: Distribution of fatty acids contents among F2 segregated population
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Table 1: Phenotypic analysis of oil content, protein and fatty acid traits of parents and F2 segregated
population

Traits Contents of parents (%)  #-test Contents of the F2 population (%)
Weihua8 12149 Mean Max Min SD  Skewness Kurtosis

Oil 48.89 53.74 *ok 49.70 54.61 4428 229 -0.09 —-0.47
Protein 23.68 21.18 * 21.81 24.84 19.01 1.13 0.03 0.12
Oleic acid 40.42 88.55 ok 4348 51.14 3597 2.61 -0.19 0.56
Linoleic acid  41.15 32.37 ok 29.15 44.62 1249 0.92 -0.06 —0.41
Palmitic acid  11.50 9.91 *ok 1090 12.53 9.43 0.54 0.03 0.34
Linolenic acid 0.40 0.80 *ok 0.67 1.10 030 0.17 0.03 -0.31
Arachidic acid 1.51 1.71 * 1.82 256 1.00 030 -0.01 -0.24
Behenic acid ~ 2.53 1.84 *ok 242 316 1.67 031 -0.07 —0.47

Note: * and ** suggested significance of #-test at p < 0.05 and p < 0.01, respectively.

Table 2: Correlation analysis of oil content, protein and fatty acid in F2 segregated population

Traits Oil Protein Oleic acid Linoleic Palmitic Linolenic Arachidic Behenic
acid acid acid acid acid
Oil 0.0004 0.0153 0.0024  0.0001  0.0001 0.0810 0.0065
Protein —0.2949** 0.0042 0.0002  0.0044  0.0086 0.0289 0.0107
Oleic acid 0.2046*  —0.2407** 0.0000  0.0000  0.0000 0.2942 0.0000
Linoleic  —0.2543** 0.3112%* —(0.428%%* 0.0001  0.0000 0.0514 0.0000
acid
Palmitic  —0.3261%* 0.2391*%* —0.4846** (.327** 0.0000 0.8767 0.0000
acid
Linolenic —0.3245%* 0.2212** —0.5219** 0.4035*%* (0.4275%* 0.1199 0.0000
acid
Arachidic  0.1480 —0.1847* 0.0893 -0.1650 -0.0132 -0.1321 0.2287
acid

Behenic  —0.2292** 0.2152*  —0.6689** 0.5318** 0.5355** 0.5046** —0.1024*

acid
Note: Values listed in lower left were the correlation coefficient and upper right were the p value. * and ** suggested significance at 0.05 and
0.01 level, respectively.

Were variant with the highest and lowest number of markers being nine (on Chr.01 and Chr.05) and three
(on Chr.06, Chr.10, Chr.11, Chr.15, and Chr.19). In addition, the longest linkage group was on Chr.05 with a
length of 381.83 cM, and the shortest one was on Chr.15 with 65.71 cM in length (Table 3). Compared with
the published integrated genetic maps of peanut, the arrangement order of the markers on the linkage groups
was generally consistent. Furthermore, a Chi-square (¥2) analysis for the goodness of fit was conducted to
evaluate each SSR marker for the expected 1:1 segregation ratio (Table 4). The results showed that the
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segregation-distorted loci existed and varied among different linkage groups, except for the ones on Chr.01,
Chr.09, Chr.10, Chr.14, Chr.15, Chr.18, and Chr.20. Among them, nine (p < 0.01) and seventeen (p < 0.05)
segregation-distorted markers, which were either from the female or male parents, were tested and accounted
for 8.74% and 16.50% of all the markers.

Figure 2: Part of screening results of SSR primers between parents

Table 3: Basic description of the genetic linkage map

Linkage group Loci number Length (cM) Average distance (cM)
Chromosome 1 9 314.13 34.90
Chromosome 2 8 312.04 39.01
Chromosome 3 7 232.11 33.16
Chromosome 4 6 223.27 37.21
Chromosome 5 9 381.83 42.43
Chromosome 6 3 97.21 32.40
Chromosome 7 6 245.41 40.90
Chromosome 8 8 295.77 36.97
Chromosome 9 4 112.55 28.14
Chromosome 10 3 66.49 22.16
Chromosome 11 3 96.71 32.24
Chromosome 12 4 120.14 30.04
Chromosome 13 4 159.16 39.79
Chromosome 14 5 194.75 38.95
Chromosome 15 3 65.71 21.90
Chromosome 16 5 171.73 34.35
Chromosome 17 4 133.97 33.49
Chromosome 18 5 121.99 24.40
Chromosome 19 3 98.11 32.70
Chromosome 20 4 149.27 37.32

Total 103 3592.35 34.88
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Figure 3: The genetic linkage map constructed in this study
Table 4: Results of SSR marker distorted segregations by Chi square (¥2) analysis

No. SSR Marker x2 No. SSR Marker Y2 No. SSR Marker 2

1 AHGS2353 1.06 36 UPNO027 0.19 71 UPNO023 2.61
2 AHGS1981 0.02 37  UPNO71 0.00 72 UPNO095 1.58
3 AHGS1974 0.69 38  UPNI102 3.59 73 UPNO082 7.59%*
4 UPNO042 0.00 39  UPNOS85 0.84 74 UPNO079 2.44
5 UPNO022 1.06 40  UPNO09 2.02 75  UPNIO00 2.33
6 TC2D06 0.06 41  TC3E02 6.04%* 76  UPNO024 0.54
7 AHGS1294 1.06 42 IPAHM659 0.29 77 UPNO060 1.37
8 UPNO006 0.04 43  AHGS1454 0.02 78  UPNO52 0.00
9 AHGS1351 2.30 44  UPNO11 1.06 79  UPNO025 2.02
10  pPGPseq-2D12B  0.00 45  IPAHM108 0.54 80  UPNO049 0.06

(Continued)
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Table 4 (continued)

No. SSR Marker 12 No. SSR Marker %2 No. SSR Marker 2

11 AHGS1940 1.75 46  PM348 0.34 81  IPAHMA455 0.95
12 UPNO84 1.76 47  PM297 1.75 82  UPNO065 0.34
13 UPNO039 0.00 48  GM2313 4.15% 83  UPNO037 0.41
14  AHGS0283 0.29 49  AHGS1094 0.02 84  UPN092 0.61
15 SEQ3B5 5.76* 50 18C5 1.27 85  UPNO034 0.61
16  UPNO099 1.10 51  2G03 0.54 86  AHGS1337 1.19
17  TC4F12 1.26 52 AHGSI1383 3.81 87  PM210 4.61*
18  Ail24P23 6.44* 53 UPNOSI 0.19 88  AHS1480 10.21%*
19 AHGSI1661 0.34 54 TCIEOS 2.61 89  UPNO077 0.54
20  AhITC4EI10 0.69 55 pPGPseq-2A05 8.57** 90  SEQ2HS 0.61
21 UPNO19 1.06 56  2A5 0.19 91  Seql6F01 0.19
22 AHGS2299 0.04 57  UPNO044 1.87 92  UPNO054 0.15
23 AHGSI1230 0.19 58  UPNOI6 0.00 93  PM384 0.54
24 UPNO045 1.27 59  UPNO059 0.95 94  AHGS1510 1.06
25  UPNO029 0.06 60  UPNO38 0.02 95  UPNO074 0.02
26  UPN004 0.29 61  UPNO61 0.04 96  AHGSI1268 2.02
27  UPNO14 0.34 62  UPNO17 3.09 97  UPNO8O 2.06
28  UPNI1O01 3.77 63 TCI1A01 0.19 98  UPNO70 0.69
29  AHGSI1885 5.87* 64  UPN096 10.77%* 99  UPNO86 5.88*
30  UPNO087 2.09 65  AHGS3721 0.61 100 UPNO072 0.24
31  UPNO046 6.74*¥* 66  UPN020 0.34 101 7G2 0.64
32 UPNO093 16.48*%* 67  TC3BO0S 8.83** 102 SEQ2E6 0.06
33 UPNO032 11.42*¥* 68  AHGS1669 0.41 103  UPNO63 0.02
34 PM36 1.50 69  AHGSI1446 0.29

35  UPN09%4 7.79** 70  UPN043 4.86*

3.3 QTL Mapping for Fatty Acids of Peanut

Based on the genetic linkage map and associated phenotypic data, QTL analysis for fatty acids and other
related traits of peanut was conducted via the inclusive composite interval mapping (ICIM) method
implemented using QTL IciMapping4.1. A total of sixteen QTLs distributed on nine linkage groups were
finally detected (Table 5). Among these QTLs, twelve of them were the fatty acid-related ones (oleic acid,
3 QTLs; linoleic acid, 2 QTLs; linolenic acid, 4 QTLs; arachidic acid, 2 QTLs; and behenic acid,
1 QTL), three QTLs were associated with oil content, and one QTL was related to protein. Moreover,
some QTLs were simultaneously detected in various traits, which indicated that these QTLs might exhibit
genetic stability in controlling fatty acid-related traits in peanut (Table 5). The PVE explained by these
QTLs was analyzed, and for the fatty acids, the value was in the range of 2.62%—18.60% (Table 5).
Additionally, LOD and additive effect analysis of one dimensional ICIM for fatty acid-related traits were
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also conducted. As shown in Fig. 4, most of the QTLs showed negative additive effects, except for the two
loci (located on Chr.03 and Chr.05) associated with linolenic acid.

Table 5: The detected QTLs based on ICIM-ADD method

Trait Chromosome Position (cM) Marker interval LOD PVE (%) Additive
effect
Oil 13 49 UPNO023-UPN095 2.3788 5.5040 0.3988
Oil 16 15 UPNO037-UPN092 2.7261 10.4747 —0.3831
Oil 18 0 UPNO054-PM384 2.8432 6.4724 0.7155
Protein 1 9 AHGS2353- 2.1249 6.2641 —0.0901
AHGS1981
Oleic acid 1 26 AHGS2353- 2.8708 5.0775 —0.2358
AHGS1981
Oleic acid 5 258 UPNO027-UPNO071 2.2349 4.6046 —0.3981
Oleic acid 14 18 UPN100-UPN024 2.1563 3.859 —1.1742
Linoleic acid 1 236 AHGS1294-UPN0O06  2.2303 2.624 —2.3692
Linoleic acid 5 110 UPNO032-PM36 4.5561 18.5971 —1.3496
Linolenic acid 3 135 UPNO019-AHGS2299  2.0858 8.1123  0.0052
Linolenic acid 5 253 UPNO027-UPNO071 23714 6.7973  0.0031
Linolenic acid 16 22 UPNO037-UPN092 2.0561 2.6475 —0.0008
Linolenic acid 18 9 UPNO054-PM384 2.1656 4.4625 —0.0086
Arachidic acid 6 70 TC3E02-IPAHM659  2.1087 10.1705 —0.209
Arachidic acid 11 9 UPN096-AHGS3721  3.1586 8.4973 —0.083
Behenic acid 5 112 UPNO032-PM36 2.1175 6.1619 —0.064

4 Discussion

Peanut, a high-oil legume, has been an important oil and food crop worldwide. The oil quality is
determined by the composition of the fatty acids. Commonly, two major fatty acids, oleic acid and
linoleic acid, that occupy nearly 80% of the total fatty acids in peanut oil are essential, however, the
nutritional quality of minor fatty acids that comprise the rest 20% of the fatty acids cannot be ignored
[4,6,21]. Thus, a reasonable composition of fatty acids is critical and has always been a breeding
objective for peanut cultivar development. As a typical quantitative trait, the fatty acid content of peanut
is of great complexity and controlled by numerous major or minor loci [1]. A genetic linkage map is a
prerequisite to effectively identify the molecular markers related to the aimed traits. With the increasing
numbers of SSRs in peanut, more SSR-based genetic maps have been constructed for further enhancing
MAS [1,17,20]. In the present study, an F2 segregated population with 140 individuals was used to
construct a molecular genetic map containing 103 SSRs, and finally, sixteen fatty acid-related QTLs were
found in peanut.
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Increasing the content of peanut oleic acid and reducing the content of saturated fatty acids such as
palmitic acid are the primary tasks to accelerate the breeding process. This study concluded that there
was a negative correlation between peanut linoleic acid content and linoleic acid content and palmitic
acid content.This is consistent with the results obtained by Wang et al. [1] through the correlation
analysis of the fatty acid content in two peanut populations, which can be used as a reference object for
the improvement of fatty acid traits in peanut.According to this study, there is a significant positive
correlation between linoleic acid content and palmitic acid content and palmitate content. Pandey et al.
[26] believed that palmitic acid content was positively correlated with linoleic acid content and negatively
correlated with oleic acid content, thus indicating that the results of this study are the same as those of
our predecessors. In this study, the correlation analysis between peanut oil content, protein and fatty acid
components proved that there was a significant correlation between oil content and fatty acid content,
which provided a theoretical basis for the development of peanut varieties with reasonable fatty acid
levels. Moreover, transgressive separation of fatty acids was found in the F2 population, thus improving
the idea of breeders cultivating new high-quality peanut germplasm by crossing materials from different
genetic backgrounds.

Based on the 103 polymorphic SSRs, we constructed a genetic map with high integration. Compared
with the genetic linkage map constructed by Leal-Bertioli et al. [27], a total of ten molecular markers
located on the Chr.06, Chr.07, Chr.10, Chr.12, Chr.17, and Chr.20 were the same, and the arrangement
orders on the linkage groups were also consistent. In this study, on the basis of this map, sixteen QTLs
distributed on Chr.01, Chr.03, Chr.05, Chr.06, Chr.11, Chr.13, Chr.14, Chr.16, and Chr.18 were finally
identified to be associated with fatty acids using ICIM method. Out of them, three QTLs with high
contribution rates were detected, which were located in the UPN032-PM36 interval on Chr.05 for linoleic
acid, UPNO037-UPNO092 interval on Chr.16 for oil content, and TC3 EO02-IPAHM659 interval on
Chr.06 for arachidic acid, and the contribution rates were 18.5971%, 10.4747%, and 10.1705%,
respectively. Currently, many QTLs have been found in relation to oleic acid, linoleic acid, and linolenic
acid [1,18,20]. However, only a few QTLs associated with arachidic acid and behenic acid have been
identified. Here, two QTLs located in the interval of TC3E02-IPAHM659 and UPN096-AHGS3721 were
found to be associated with arachidic acid, and one QTL located in UPN032-PM36 interval was related
to behenic acid. Furthermore, four QTLs were detected in relation to different traits, including the QTL
interval UPN027-UPNO71 on Chr.05 for oleic acid and linolenic acid, UPN032-PM36 on Chr.05 for
linoleic acid and behenic acid, and UPN037-UPN092 on Chr.16 and UPN054-PM384 on Chr.18 for
linolenic acid and oil content, which exhibited genetic stability in controlling fatty acid-related traits in
peanut. Our results might provide a theoretical basis for MAS in peanut fatty acids, and we could focus
our efforts in fine mapping and functional gene mining in the future studies.

5 Conclusion

This study construct the F2 isolated population by crossing Weihua8 and 12149 and perform QTL
mapping analysis. Mapping of the 103 SSR marker loci yielded a genetic map associated with peanut
fatty acids with nine linkage groups. Combining the phenotypic data of each component content of
peanut fatty acids with the molecular data, 16 QTLs were detected by ICIM. Among these, four QTLs
were tested simultaneously with different traits, indicating the associated genetic stability of peanut fatty
acids. In addition to the QTLs of oleic acid, linoleic acid, and linolenic acid, three new QTLs of
arachidonic acid and sugar beet acid were also detected. These QTLs may further contribute to fine-
mapping analysis and MAS of peanut fatty acids.
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