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ABSTRACT. Peanut is one of the most important oil crops worldwide. 
We used insertion-deletion (InDel) markers to assess the genetic 
diversity and population structure in cultivated peanut. Fifty-four 
accessions from North China were genotyped using 48 InDel markers. 
The markers amplified 61 polymorphic loci with 1 to 8 alleles and 
an average of 2.6 alleles per marker. The polymorphism information 
content values ranged from 0.0364 to 0.9030, with an average of 0.5038. 
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Population structure and neighbor-joining (NJ) tree analyses suggested 
that all accessions could be divided into four clusters (A1-A4), using 
the NJ method. Likewise, four subpopulations (G1-G4) were identified 
using STRUCTURE analysis. A principal component analysis was 
also used and results concordant with the other analysis methods were 
found. A multi-linear stepwise regression analysis revealed that 13 
InDel markers correlated with five measured agronomical traits. Our 
results will provide important information for future peanut molecular 
breeding and genetic research.
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INTRODUCTION

Cultivated peanut (Arachis hypogaea L.) is an allotetraploid species (2n = 4x = 40, 
AABB) (Krapovickas and Gregory, 1994) that is considered one of the most important edible 
oil crops worldwide (Fávero et al., 2015). In addition to oil, peanut seeds are rich in protein 
and a good source of vitamins and minerals. Germplasm diversity is the backbone for peanut 
improvement and genetic dissection of complex traits. An extensive evaluation of the genetic 
diversity of elite germplasm will help us to better understand how to utilize the germplasm 
collection for genetic enhancement. Moreover, population structure analysis, a prerequisite for 
association mapping, could further aid our understanding of the genetic diversity in natural 
populations (Flint-Garcia et al., 2005).

DNA molecular markers have been extensively applied in the assessment of genetic 
diversity, genotype fingerprinting, genetic linkage map construction, gene map-based 
cloning, differential expression analysis, and molecular marker-assisted selection in breeding 
programs. Due to the narrow genetic basis, few informative DNA polymorphic markers have 
been identified in cultivated peanut. Thus, the development of molecular markers for peanut 
lags behind that of other crops. Since the first report indicating that cultivated peanut presents 
some DNA polymorphism (Kochert et al., 1991), restriction fragment length polymorphism 
(RFLP) and random amplified polymorphic DNA (RAPD) markers have been employed to 
construct genetic maps and to dissect the genetic diversity in peanut (Garcia et al., 1995; 
Burow et al., 2001; Raina et al., 2001). In addition, amplified fragment length polymorphism 
(AFLP) (He and Prakash, 2001; Herselman, 2003), inter-simple sequence repeat (Raina et al., 
2001), sequence related amplified polymorphism (SRAP) (Ren et al., 2010), and start codon 
targeted (SCoT) polymorphism markers (Xiong et al., 2011) have been developed and utilized 
to study the genetic diversity and relationships in cultivated peanut. Simple sequence repeat 
(SSR) markers have been widely applied in genetic diversity studies of peanut (Hopkins et al., 
1999; He et al., 2003; Ferguson et al., 2004; Barkley et al., 2007; Freitas et al., 2007; Wang 
et al., 2015), because they are reproducible, simple, and inexpensive. However, SSR markers 
are mainly distributed in the non-coding regions of the gene and genotyping errors may occur 
because of stutter bands and technical artifacts (allelic dropouts, null alleles, false alleles, 
and size homoplasy) (Pompanon et al., 2005). Single nucleotide polymorphisms (SNPs) have 
proven advantageous for germplasm genetic studies due to their automatic mass detection. 
However, they require pre-requested sequence information for designing primers and special 
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equipment for high-throughput genotyping, in addition to incurring high costs (Syvänen, 
2001). SNPs have been reported in peanut genetic diversity, for instance Alves et al. (2008) 
developed SNP markers and analyzed their suitability for the peanut genetic map.

Insertion-deletions (InDels) are co-dominant genetic markers that have received a lot 
of attention as a genomic marker, due to exhibiting high polymorphism, reliability, as well 
as fast and easy operation (Väli et al., 2008). Compared with other markers, InDels can be 
genotyped using simple procedures, and the probability that two InDels of the same length 
will appear at the same genomic position is very small. In other words, InDels are unique in 
the genome, and may be considered to show identity-by-descent (Shedlock and Okada, 2000). 
InDels have been successfully utilized in cultivar identification, diversity analyses, high 
density genetic map constructions, and fine mapping of target traits in rice, maize, sesame, 
and soybean (Thornsberry et al., 2001; Fu et al., 2006; Hayashi et al., 2006; Wu et al., 2014; 
Song et al., 2015). Thus, the use of InDel markers has increased in molecular and genetic 
studies, in recent years.

In the present study, we evaluated the genetic diversity and population structure of 54 
cultivated peanut varieties from North China, using 48 InDel markers. The aims of this study 
were 1) to assess the potential use of InDel markers in genetic diversity and population structure 
analysis for cultivated peanut and 2) to detect InDel markers associated with agronomical traits.

MATERIAL AND METHODS

Plant materials and field tests

A total of 54 cultivated peanut accessions representing four botanical subspecies 
(A. hypogaea var. fastigiata, A. hypogaea var. hypogaea, A. hypogaea var. hirsuta, and A. 
hypogaea var. vulgaris) was used in this study (Table 1). In May 2010, the 54 genotypes were 
planted in the breeding nursery at Baoding, Hebei, China. We used two-row plots that were 
0.4 m width and 1.0 m length in a randomized complete block design with three replications. 
Five plants from each row were randomly selected after the harvest season and the five 
important agronomic traits were measured according to the phenotypic identification method 
and criterion of peanut (Jiang et al., 2006), including pod length, pod width, pod thickness, 
thickness of pod shell, and weight of 100 pods. Among these traits, the first three traits were 
investigated using slide caliper, and the weight of 100 pods from five plants was measured 
using electronic balance (10 mg).

DNA extraction and InDel polymerase chain reaction (PCR)

Peanut genomic DNA was extracted as described by Dang and Chen (2013). A 
total of 48 InDel primer pairs was employed (Liu et al., 2015). The PCR amplification was 
conducted in a total volume of 10 µL with 45 ng peanut DNA, 10X PCR buffer (TaKaRa, 
Dalian, China), 0.8 µL dNTP (2.5 mM/µL, TaKaRa), 0.5 µL each primer (10 µM/µL), and 0.5 
U Taq polymerase (5 U/µL, TaKaRa). The PCR procedures were as follows: 95°C for 5 min; 
30 cycles of 94°C for 45 s, 56°C for 45 s, and 72°C for 1 min; and 72°C for 5 min. The PCR 
products were separated on 10% native-denaturing polyacrylamide gels. The silver staining 
method was performed as described by Zhang et al. (2000).
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Statistical analysis

The DNA fragment bands were scored as present (1) or absent (0). We calculated the 
polymorphism information content (PIC) by PIC = 1-åxi2, where xi is the relative frequency of 
the ith allele of the locus; and Shannon’s information index (H’) by H’ = -åPi x lnPi, where Pi 
is a primer combination of polymorphisms with probability i to appear in the tested materials.

The clustering analyses were performed using NTSYS-pc 2.1 (Rohlf, 2000) based 
on the genetic similarity matrices. A neighbor-joining (NJ) algorithm (Saitou and Nei, 1987) 
was applied to construct a phylogram from the distance matrix, which was generated using 
MEGA4 (Tamura et al., 2007). A principal component analysis (PCA) was conducted to 
create plots of the most significant axes for grouping pattern verification using eigenanalysis 
(Patterson et al., 2006).

The population genetic structure was detected using a fully Bayesian process in 
STRUCTURE v. 2.3.4 (http://pritchardlab.stanford.edu/home.html). The program was run 
five times for each subpopulation (k) value, ranging from 2 to 10. We used the mixture model 
with correlated allele frequency, setting 500,000 burn-in replicates and 500,000 replicates 
for analysis. An initial upper boundary of k = 9 was fixed, based on the sample size and the 
outcome that we found an optimal k below this boundary. The final population subgroups were 
determined using the likelihood plot of these models, the stability of grouping patterns across 
five runs, and the second order rate of change of the likelihood function (∆K). Based on this 
information, we chose k = 4 as the optimal grouping (Figure 1). The marker-trait correlated 
analyses were calculated using the multi-linear stepwise regression of SPSS 17.0 statistical 
software.

Table 1. List of Arachis hypogaea accessions used in the study with botanical subspecies.

No. Variety/Accession No. Botanical subspecies No. Variety/Accession No. Botanical subspecies 
1 Luanpingdahuasheng hypogaea 28 Suningxiaobaguo vulgaris 
2 Funingliyang hypogaea 29 Qike vulgaris 
3 Dalihuasheng hypogaea 30 Xiekangqing vulgaris 
4 Suninghuasheng hypogaea 31 Shitouqi vulgaris 
5 Damingdayanghuasheng hypogaea 32 Fuhuasheng vulgaris 
6 Hejianbanpaman hypogaea 33 Nongzhanduoli fastigiata 
7 Funingdali hypogaea 34 Shenxiansilihong fastigiata 
8 Raoyanghuasheng hypogaea 35 Jigulate fastigiata 
9 Daminglianhua hypogaea 36 AH66 fastigiata 
10 Dingxiandahuasheng hypogaea 37 Nanhunsanli fastigiata 
11 Yuanshibanmanguo hypogaea 38 Funingduoli fastigiata 
12 Qianxiliyang hypogaea 39 Silihong fastigiata 
13 Qinghuangdaoliyang hypogaea 40 Long 1 hirsuta 
14 Funingjiubilou hypogaea 41 Long 2 hirsuta 
15 Hebeidalidun hypogaea 42 SAU-1 hirsuta 
16 Beidaran hypogaea 43 SAU-2 hirsuta 
17 Baodinghong hypogaea 44 SAU-3 hirsuta 
18 Xianxianhuawo hypogaea 45 SAU-4 hirsuta 
19 Hejianpafang hypogaea 46 SAU-5 hirsuta 
20 Pingshanzhonglihuasheng vulgaris 47 SAU-6 hirsuta 
21 Funingxiaozili vulgaris 48 SAU-7 hirsuta 
22 Shenxianxiaobaguo vulgaris 49 Feixiansilicao hirsuta 
23 Hengshuiyiwohou vulgaris 50 Rugaoxiyangsheng hirsuta 
24 Juluxiaohuasheng vulgaris 51 Yinansilicao hirsuta 
25 Lulongxiaohuasheng vulgaris 52 Tuokexunxiaohuasheng hirsuta 
26 Hejianxiaobaguo vulgaris 53 Changqingyicongsheng hirsuta 
27 Yuanshiyiwohou vulgaris 54 Feixiansanlizhong hirsuta 
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RESULTS

InDel marker profiles

Of the 48 InDel markers investigated, 24 markers resulted in 126 clearly visible 
alleles of which 51 (40.48%) were found to be polymorphic (Table 2 and Figure 2). The 
61 polymorphic alleles showed an average of 2.6 alleles per locus, ranging from 1 to 8 
(InDel-001) alleles. The InDel PIC ranged from 0.0364 (InDel-028) to 0.9030 (InDel-001), 
with an average of 0.5038, whereas H’ ranged from 0.0922 (InDel-028) to 2.4465 (InDel-001), 
with an average of 0.9483.

Figure 1. Relationships between ∆K (a) and lnP(D) (b) with different k-values.

Table 2. Number of alleles, number of polymorphic alleles, rate of polymorphism, polymorphism information 
content (PIC), and Shannon’s information index (H’) generated by 24 InDel markers.

InDel marker No. of alleles Polymorphic alleles Rate of polymorphism PIC H’ 
InDel-001 11 8 0.73 0.9030 2.4465 
InDel-003 6 2 0.33 0.6223 1.0866 
InDel-005 3 1 0.33 0.2257 0.3857 
InDel-007 4 2 0.50 0.5873 0.9976 
InDel-008 6 2 0.33 0.5525 0.9077 
InDel-009 6 3 0.33 0.7599 1.5232 
InDel-010 5 3 0.60 0.7390 1.4660 
InDel-013 5 3 0.60 0.7469 1.4795 
InDel-014 3 1 0.33 0.1049 0.2146 
InDel-015 4 1 0.25 0.0713 0.1584 
InDel-016 2 1 0.50 0.4444 0.6365 
InDel-018 4 1 0.25 0.3018 0.4792 
InDel-019 8 7 0.88 0.8841 2.2536 
InDel-022 10 1 0.10 0.4753 0.6682 
InDel-023 4 1 0.25 0.2778 0.4506 
InDel-028 5 1 0.20 0.0364 0.0922 
InDel-030 6 1 0.17 0.4170 0.6077 
InDel-034 3 1 0.33 0.4890 0.6821 
InDel-038 5 3 0.60 0.7827 1.6212 
InDel-040 3 2 0.67 0.7347 1.3554 
InDel-041 8 2 0.25 0.6313 1.0803 
InDel-043 7 1 0.14 0.4993 0.6924 
InDel-044 3 1 0.33 0.1371 0.2641 
InDel-045 5 2 0.40 0.6675 1.2107 
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Genetic diversity of different botanical peanut types based on InDel markers

The number of alleles varied among the four botanical subspecies with the most 
alleles detected in vulgaris variety, followed by fastigiata variety, hypogaea variety, and 
hirsuta variety (Table 3). The PIC values varied from 0.4536 in hirsuta variety, to 0.2197 in 
hypogaea variety, with fastigiata variety and vulgaris variety showing intermediate values 
(0.4473 and 0.3935, respectively). This indicated that hirsuta variety and fastigiata variety 
have higher genetic diversity than the other types. In addition, H’ also differed among 
the different botanical types, hirsuta variety had the highest value (0.6460), followed by 
fastigiata variety (0.6395), vulgaris variety (0.5825), and hypogaea variety with the lowest 
value (0.3780).

Figure 2. Amplification profiles of products from genomic DNA of cultivated peanut using InDel primers 038-InDel 
(a) and 040-InDel (b). Lane M = DNA marker; lanes 1-11 = vulgaris; lanes 12-18 = fastigiata; lanes 19-25 = 
hirsuta; and lanes 26-36 = hypogaea.

Table 3. Number of accessions, number of alleles, PIC and, H’ of different botanical Arachis hypogaea types 
based on InDel markers.

Botanical types Accessions No. of alleles PIC H’ 
hypogaea 19 31 0.2197 0.3780 
vulgaris 13 40 0.3935 0.5825 
fastigiata 7 33 0.4473 0.6395 
hirsuta 15 14 0.4536 0.6460 

 

Population structure analysis

The STRUCTURE analysis identified four genetically similar subpopulations named 
G1, G2, G3, and G4, respectively (Table 4 and Figure 3). G1 was a mixed group, including 
six accessions from vulgaris variety and six accessions from fastigiata variety; G2 contained 
mostly accessions from hirsuta variety with two exceptions, one from hypogaea variety and 
one from vulgaris variety; G3 was also a mixture containing six accessions from vulgaris 
variety, one from fastigiata variety, and three from hypogaea variety; whereas G4 exclusively 
contained 15 from hypogaea variety.
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The NJ analysis clustered 54 accessions into four clusters (A1-A4) and this grouping 
was generally consistent with the results from the STRUCTURE analysis with a few exceptions 
(Table 4 and Figure 3). A1 contained six accessions from subpopulation G3. Among these, five 
accessions (21 and 24-27) belonged to vulgaris variety and one (33) was fastigiata variety. A2 
consisted of 14 accessions, including all accessions of G1 and two vulgaris variety (22 and 23) 
from G3 and G2, respectively. A3 contained 17 accessions that corresponded primarily to G2 
with one exception (19) from G4. Finally, all accessions in A4 were from hypogaea variety, 
among which 14 accessions were from G4 and three accessions (4, 8, and 13) were from G3.

To further confirm the results of the STRUCTURE and NJ analyses, a PCA was used 
to cluster the 54 accessions into four groups (B1-B4). Each cluster contained 9, 11, 17, and 17 
accessions, respectively (Table 4 and Figure 4). The PCA results were more consistent with 

Table 4. Number of botanical varieties of Arachis hypogaea in each cluster.

 Hypogaea Fastigiata Vulgaris Hirsuta Overall 
G1 0 6 6 0 12 
G2 1 0 1 15 17 
G3 3 1 6 0 10 
G4 15 0 0 0 15 
A1 0 1 5 0 6 
A2 0 6 8 0 14 
A3 2 0 0 15 17 
A4 17 0 0 0 17 
B1 0 2 7 0 9 
B2 0 5 6 0 11 
B3 2 0 0 15 17 
B4 17 0 0 0 17 

 

Figure 3. Results from the population structure analysis (a). The subgroup membership possibility is shown on the 
y-axis. G1-G4 represents the four identified subpopulations on the x-axis (G1: red; G2: green; G3: blue; and G4: 
yellow). Results from the NJ tree analysis (b). A1-A4 stands for branches. The NJ tree is color-coded based on the 
botanical varieties (vulgaris variety: purple; fastigiata variety: green; hirsuta variety: blue; and hypogaea variety: 
red). Frequency of the respective botanical varieties (hypogaea variety: hy; fastigiata variety: fa; vulgaris variety: 
vu; and hirsuta variety: hi) within each subpopulation (c) and frequency of each subgroup (G1-G4) within each 
botanical variety (d).
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the NJ tree than the STRUCTURE analysis. Clusters B3 and B4 were identical to A3 and A4, 
respectively. Both B1 and B2 contained only fastigiata variety and vulgaris variety, which 
was the same as found in A1 and A2, except that the number of accessions from the respective 
varieties varied slightly (Table 4).

Figure 4. Two-dimensional representation of a principal component analysis of 54 accessions, based on amplified 
DNA fragments using InDel markers.

Marker-trait correlation

The determination coefficient (R2) of the 11 InDel markers for the five agronomic 
traits ranged from 5.3 to 33.2% based on the multi-linear stepwise regression analysis (Table 
5). Three markers (InDel-001, InDel-038, and InDel-040) were found to relate to pod length, 
explaining 6.2-21.6% of the phenotypic variation. Six markers (InDel-001, InDel-008, 
InDel-009, InDel-013, InDel-019, and InDel-041) were related to pod width explaining 9.9-
33.2% of the phenotypic variation. Two markers (InDel-019 and InDel-040) were found to 
be associated with pod thickness, explaining 5.3-9.8% of the phenotypic variation. InDel-044 
was identified to be associated with thickness of pod shell, explaining 8.8% of the phenotypic 
variation. Among these markers, seven markers were identified to relate with more than two 
traits, for example InDel-040 was found to relate to pod width, pod thickness and weight of 
100 pods.
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DISCUSSION

Level of polymorphism is one of the criteria used to evaluate the potential use of 
markers. Various markers have been used in peanut diversity studies that have shown varying 
degrees of polymorphism, including AFLP and DAF (6.86 and 21.14%, respectively, He and 
Prakash, 2001); RAPD (42.73%, Raina et al., 2001); and InDel (33.30%, Liu et al., 2015) 
(Table 6). In addition, Xiong et al. (2011) found variation in SCoT (38.22%), ISJAP (28.10%), 
DAMD (36.00%), and SRAP-IAAP (43.15%) markers (Table 6). In these reports, the number 
of accessions used was smaller than the number (54) of accessions evaluated in the present 
study. The number of accessions used in the evaluation of marker polymorphism affects the 
accuracy of the estimated polymorphism. The higher the number of accessions used, the 
higher the accuracy is, the same is true for the number of botanical types included. Therefore, 
we suggest that the InDel marker polymorphism reported in this study is relatively reliable, 
due to the number of tested accessions and presentation of four botanical types of cultivated 
peanut of North China. The InDel marker polymorphism was 50%, which suggests that these 
markers are suitable for peanut diversity studies.

Table 5. Stepwise multiple regression analyses between InDel markers and agronomic traits in Arachis hypogaea.

Traits InDel markers R2 (%) Beta coefficient 
Pod length 001/038/040 6.2-21.6 0.0340 
Pod width 001/008/009/013/019/041 9.9-33.2 -0.4330 
Pod thickness 019/040 5.3-9.8 0.0430 
Weight of 100 pods 009/013/016/018/040/044 12.6-32.9 -0.0820 
Thickness of pod shell 044 8.8 -0.3180 

 

NPT: number of primers tested; NPDP: number of primers detecting polymorphism; PPP: percentage of 
polymorphic primers; NA: number of accessions; NBV: number of botanical varieties; TNB: total number of bands; 
NPB: number of polymorphic bands; PPB: percentage of polymorphic bands.

Table 6. Comparison of polymorphisms of various molecular markers developed in previous reports.

Marker NPT NPDP PPP (%) NA NBV TNB NPB PPB (%) References 
SPAR 10 0 0 27 4 - 0 0 Halward et al., 1992 
DAF 559 17 3.04 6 3 298 63 21.14 He and Prakash, 2001 
AFLP 64 28 43.75 6 3 1618 111 6.86 He and Prakash, 2001 
RAPD 57 21 36.84 13 5 220 94 42.73 Raina et al., 2001 
ISSR 100 29 29.00 13 5 124 67 54.03 Raina et al., 2001 
SCoT 36 18 50.00 20 4 157 60 38.22 Xiong et al., 2011 
ISJAP 26 14 53.85 16 4 121 34 28.10 Xiong et al., 2011 
DAMD 10 4 40.00 16 4 25 9 36.00 Xiong et al., 2011 
URP 12 8 66.67 16 4 50 25 50.00 Xiong et al., 2011 
SRAP-IAAP 40 25 62.50 16 4 146 63 43.15 Xiong et al., 2011 
InDel 48 24 50.00 54 4 126 51 40.48 Present study 

 

The study of genetic diversity of cultivated peanut will enhance the utilization of 
germplasm resources and genetic improvement. There are many reports on genetic diversity 
of cultivated peanut that have used various DNA molecular markers. For example, Kottapalli 
et al. (2007) employed 67 polymorphic SSR markers to assess the genetic diversity of 72 
accessions of the US mini core. They found that the PIC values of the SSR markers ranged 
from 0.063 to 0.918 and that the fastigiata variety had a higher PIC value than hypogaea 
variety (Kottapalli et al., 2007). Likewise, Jiang et al. (2010) reported similarity coefficients 
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among different botanical varieties that ranged from 0.49 to 0.99. Based on 466 accessions 
and 26 SSR primer pairs, the fastigiata variety and hypogaea variety were found to be more 
diversified than other botanical types (Jiang et al., 2010). In a previous study, the PIC of 
hirsuta variety was found to be the highest among six botanical types (0.6597) (Liu et al., 
2015). In the present study, hirsuta variety and fastigiata variety were identified to have higher 
PIC values than the other botanical types (0.4536 and 0.4473, respectively). In addition, the 
percentage of polymorphic primers was higher (50%) compared with those found previously 
(Liu et al., 2015).

STRUCTURE analyses can be used to estimate the number of subpopulations, the 
degree of admixture among subpopulations, and the genetic relatedness among accessions. 
On the other hand, phylogenetic analyses can be used to display relationships between 
accessions graphically. In our study, the STRUCTURE analysis assigned the accessions into 
four subpopulations (G1-G4). Likewise, the NJ tree analysis resulted in four clusters (A1-
A4). As expected, in general, the subpopulations identified by STRUCTURE corresponded 
to the genetic clustering found based on the NJ tree (G1/A2, G2/A3, G3/A1, and G4/
A4). Most of the accessions divided into their respective subpopulations, with only a few 
exceptions. For example, Hengshuiyiwohou (23) clustered with G2, but belonged to A2 and 
Hejianpafang (19) clustered with G4, but belonged to A3. All the accessions were classified 
into four branches (A1-A4) by the NJ tree (Figure 3), but they may also be divided into 
two clusters: A1 with A2 and A3 with A4. This indicates that vulgaris variety and fastigiata 
variety are more closely related than hirsuta variety and hypogaea variety. This result is 
consistent with the known classification in which vulgaris variety and fastigiata variety 
belong to the subspecies fastigiata, whereas hirsuta variety and hypogaea variety belong to 
the subspecies hypogaea.

Due to the limited genomic information, presently, only two traits have been used in 
marker-assisted selection in peanut breeding. These are nematode resistance and high oleic 
acid content (López et al., 2001; Nagy et al., 2010). A tremendous (at least 3-fold) gain in 
the speed of selection has been demonstrated to be achieved with marker-assisted selection 
(Chu et al., 2011). The InDel markers used in the present study were developed based on the 
sequences of functional genes and the markers were found to be related to several agronomic 
traits. This information may be used in the future to provide a clue toward identifying the genes 
controlling the agronomic traits, using in-depth analysis through next-generation sequencing 
and real-time quantitative PCR detecting systems.
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