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The nerippe fritillary butterfly, Argynnis nerippe , is listed as an endangered species 
in Korea. Establishment of effective conservation strategies can be aided by the 
development and application of molecular markers that can be used to investigate the 
population genetics of the butterfly. Therefore, in this study, we identified ten microsatellite 
markers specific to A. nerippe using the Next-Seq 500 platform, and applied these 
markers to investigate the characteristics of five South Korean butterfly populations. 
Genotyping of 48 A. nerippe  individuals from five localities showed that at each 
locus the number of alleles ranged from 4 to 14, and that the observed and expected 
heterozygosities were 0.324–0.863 and 0.138–0.985, respectively. Significant deviation 
from the Hardy–Weinberg equilibrium was not observed at any locus. Population structure 
analysis indicated that there are two genetic groups in Korea, but no population-based 
gene pool assignments were found. Analysis of FST, R ST, and a principal coordinates 
analysis suggested that the Gureopdo and Yaecheon populations were isolated from 
other populations. Genetic isolation of the Gureopdo population may be a consequence 
of unequal population change between Gureopdo and inland populations and to the 
offshore habitat of Gureopdo. Genetic isolation of the Yaecheon population may be a 
consequence either of the southernmost location of the population or of the limited sample 
size available. Further studies with increased sample sizes will be necessary to draw 
robust conclusions on population isolation and to devise conservation strategies.
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Introduction

The nerippe fritillary butterfly, Argynnis nerippe (Lepidoptera: 
Nymphalidae), is distributed in Korea, China, Japan, Tibet, and 
the Russian Far East (Fukuda et al., 1983); however, it is listed 

as an endangered species in Korea (Kim, 2002). The species 
inhabits the edges of mountainous forest, riverbanks, and 
grasslands in cultivated areas. It feeds on several species of the 
true violet family (Violaceae) (Kim, 2002). 

Three previous investigations of the distribution of the species 
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concentration of the DNA extracted from the one of the 
specimens collected from Gureopdo were assessed using 
a NanoDrop spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA). Genomic DNA (~200 ng) was 
sheared into 500–600 bp fragments using a Covaris S220 
ultrasonicator (Covaris, Woburn, MA). Adapter sequences 
were added to the ends of the DNA fragments to generate 
indexed libraries using a TrueSeq Nano DNA Library Kit 
(Illumina, San Diego, CA). The size and concentration of 
the prepared library was confirmed using an Agilent 2100 
Bioanalyzer system (Agilent Technologies, Santa Clara, 
CA, USA) and a quantitative PCR-based KAPA library 
quantification kit (KAPA Biosystems, Wilmington, MA, 
USA), respectively. The library was sequenced on an Illumina 
Next-Seq 500 instrument (San Diego, CA, USA) using 150 
base-length read chemistry in a paired-end mode. 

in Korea, carried out up to 1996, showed that the butterfly was 
present throughout the country. However, a more recent survey 
from 2007 to 2010 reported the occurrence of the species in 
only two areas, Mt. Gyebangsan and Uljin, which are located in 
the central-eastern part of South Korea. Thus, there had been a 
rapid decline in numbers and distribution in the preceding period 
(Kim et al., 2011a). Subsequently, a further survey has identified 
several small habitats in the mid-northern areas and in islands off 
the west coast of South Korea (Kim et al., 2012). In Japan, the 
species was not found from the 1960s to 1980s and was therefore 
listed as endangered (Nakamura, 2010).

Characterization of population structures, genetic diversity, 
and degree of gene flow, and the detection of demographically 
independent populations are important population genetic 
parameters for establishing a conservation strategy for endangered 
species (Moritz, 2000; Palsbøll et al., 2007). To date, this 
information is not available for A. nerippe, although the complete 
mitochondrial genome has been determined (Kim et al., 2011b). 

In this study, we used Next-Generation Sequencing technology 
to identify ten microsatellite markers for A. nerippe. These 
markers represent the first available for this species. The markers 
were used to genotype A. nerippe populations in South Korea 
and to provide population genetic information that will be of 
value in establishing conservation strategies for this endangered 
species. 

Materials and Methods

Sampling and DNA extraction

Argynnis nerippe adults (a total of 48 individuals) were 
sampled from five localities (Fig. 1) in South Korea in 2017. 
The precise coordinates of the sampling locations are omitted 
to ensure the protection of the species. For each location, 
the necessary collection permissions were obtained from the 
responsible offices. Total DNA was extracted from the hind legs 
using a Wizard Genomic DNA Purification Kit according to the 
manufacturer’s instructions (Promega, USA).

Paired-end genomic sequencing with Illumina 
Next-Seq 500 

Prior to construction of the DNA library, the quality and 

Fig. 1. Sampling locations of Argynnis nerippe in South Korea. 
General locality names are as follows: locality 1, Anseong 
City, Gyeonggi-do Province (10 individuals); locality 2, 
Gureopdo, Incheon City (13 individuals); locality 3, Yaecheon, 
Gyeongsangbuk-do Province (5 individuals); locality 4, Jaecheon, 
Chungcheongbuk-do Province (10 individuals); and locality 5, 
Yangpyeong, Gyeonggi-do Province (10 individuals).
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Structure Harvester ver. 0.6.8 was used to visualize structure 
results (Earl, 2012). A principal coordinates analysis (PCoA) 
via covariance with standardization of the individual genetic 
distances was performed to detect and plot the relationships 
between individuals belonging to different populations and 
among populations using GenAlEx ver. 6.5 with default 
parameters (Peakall and Smouse, 2012). 

Results

Sequencing and microsatellite selection

Sequencing of 150 bp paired end reads from the Illumina 
library resulted in a total of 35,158,748 reads (Table 1). For 
assembly, sequencing errors were discarded using the error 
correction module of All paths-LG (Gnerre et al., 2011). After 
error correction, genome assembly was performed using 
IDBA_UD (Peng et al., 2012) with the pre-correction option. 

Development of microsatellite markers and 
genotyping

Microsatellite sequences with 2–6 repeat motifs were mined 
using the Msatcommander program (Faircloth, 2008). Candidate 
microsatellite loci were validated by PCR using primers designed 
in Primer 3 (Rozen and Skaletsky, 2000). For genotyping, one 
primer of each primer pair (Gencube, Korea) was labeled with 
6-carboxyfluorescein (6-FAM) fluorescent dye (Yue and Orban, 
2000). PCR was performed under the following conditions: an 
initial denaturation step at 95°C for 3 min; 30 cycles of 94°C for 
30 s, 50°C for 30 s, and 72°C for 1 min; a final extension step of 
72°C for 5 min. Other experimental details are described in Kim 
et al. (2018). 

Data analyses

Observed and expected heterozygosity (HO; Weir, 1990; 
HE; Weir, 1990), FIS (Hartl and Clark, 1997), the number of 
alleles, and the effective number of alleles were calculated 
using GenAlEx ver. 6.5 (Peakall and Smouse, 2012). Allelic 
richness (AR) standardized for variation in sample size was 
calculated using FSTAT 2.9.3.2 (Goudet, 2001). FIS (Hartl and 
Clark, 1997), which measures the deficiency in heterozygosity 
due to non-random mating, was estimated for each locus using 
GenAlEx ver. 6.5 (Peakall and Smouse, 2012). Genotypic 
linkage disequilibrium (LD) between all pairs of loci, as well as 
deviation of genotypic frequencies from the Hardy–Weinberg 
equilibrium (HWE), were tested using GENEPOP Web ver. 4.2 
(Raymond and Rousset, 1995; Rousset, 2008) by the Markov-
chain approach modified from Guo and Thompson (1992) 
with 10,000 steps of dememorization and iteration. The 95% 
significance levels for both HWE and LD tests were adjusted 
using Bonferroni’s correction (Rice, 1989). 

In order to identify the true number of populations (clusters) 
and to assign individuals to each cluster to infer population 
structure, we used the MCMC algorithm-based clustering 
approach implemented in STRUCTURE ver. 2.3.1 (Pritchard et 
al., 2000). This program assigns individuals to given populations 
(K) probabilistically based on their multi-loci genotypes. An 
admixture model with correlated allele frequencies was used, and 
the K value was set from one to ten. Ten independent runs were 
performed for each value of K, with a burn-in period of 10,000 
iterations followed by 50,000 iterations for data collection. 

Table 1. Summary statistics of Illumina Next-Seq 500 paired-
end(2x150) read sequence data and de novo assembly of Argynnis 
nerippe genome

Table 2. Summary statistics of filtered scaffolds of Argynnis 
nerippe genome for microsatellite marker identification
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of candidate microsatellites for their availability of primer sites, 
amplification efficiency, degree of polymorphism, and specificity 
for target loci, 10 markers were selected for use in subsequent 
genotyping (Table 3). 

Characteristics of the selected microsatellite 
markers

The selected microsatellite markers showed a high rate of 
successful genotyping, ranging from 0.896 to 1, with an average of 

To identify reliable assemblies, short reads were remapped to 
assembled sequences using Bowtie2 (Langmead and Salzberg, 
2012), and only assembled scaffolds with an average depth ≥10× 
and coverage ≥95% were retained for microsatellite marker 
identification; this resulted in 1,745 scaffolds with an average 
length of 3,454.20 bp (Table 2). Trinucleotide repeats were 
the most abundant class of microsatellites (273 regions) in the 
A. nerippe genome, followed by tetranucleotide (56 regions), 
dinucleotide (24 regions), pentanucleotide (4 regions), and 
hexanucleotide (1 region) repeats (Table 2). After an initial test 

Table 3. Ten microsatellite markers developed from Argynnis nerippe

Table 4. Characteristics of 10 microsatellite loci in Argynnis nerippe
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City, 5.0 (SE ± 0.577) in Gureopdo, 5.9 (SE ± 0.737) in 
Jaecheon, 3.8 (SE ± 0.512) in Yaecheon, and 6.2 (SE ± 0.80) 
in Yangpyeong. Thus, the Yaecheon population had the lowest 
mean number of alleles and Yangpyeong the highest. The 
number of effective alleles ranged from 3.162 (SE ± 0.435; 
Yaecheon) to 4.292 (SE ± 0.499; Yangpyeong) (Fig. 2). Only 
the Yangpyeong population had a positive FIS estimate, detected 
from a range of -0.172 (SE ± 0.126; Gureopdo) to ~0.007 (SE ± 
0.114; Yangpyeong), indicating that the majority of populations 
do not show evidence of inbreeding. The within-population 
gene diversity, which corresponds to HE in the diploid data, 
ranged from 0.612 (SE ± 0.073; Yaecheon) to 0.736 (SE ± 0.031; 
Yangpyeong). 

Examination of the likelihood scores from the 10 replicate runs 
across K-values from 1–10 indicated that the optimal K-value 
was two, suggesting that A. nerippe in South Korea is composed 

0.985 (Table 4). The number of alleles at each locus ranged from 
4 to 14, with a mean of 8.9. The major allele frequency ranged 
from 0.163 to 0.833. The number of genotypes ranged from 6 
to 28 with an average of 15. The HO and HE values ranged from 
0.324 to 0.863 (mean = 0.712) and 0.138 to 0.985 (mean = 0.747), 
respectively. Positive FIS values, which indicate a deficiency of 
heterozygotes, were observed at five loci (AN28, AN59 AN618 
AN27, and AN63). No locus deviated from HWE after applying 
the Bonferroni correction (P = 0.05/10 ≤ 0.005). The tests for 
genotypic LD showed no significant allele associations among the 
10 loci after applying the Bonferroni correction, suggesting that all 
loci can be considered independent markers.

Population genetics analysis 

Mean total allele number was 5.4 (SE ± 0.748) in Anseong 

Fig. 2. Allelic patterns in the 10 microsatellite loci in five populations of Argynnis nerippe. Na, number of different alleles; Na (Freq. ≥5%), 
number of alleles with frequency greater than 5%; Ne, number of effective alleles; I, Shannon's Information Index; No. Private Alleles, 
number of alleles unique to a single population; No. LComm Alleles (≤25%), number of locally common alleles occurring in 25% or less in 
the populations; No. LComm Alleles (≤50%), number of locally common alleles occurring in 50% or less in the populations; HE, expected 
heterozygosity; HO, observed heterozygosity; and FIS, inbreeding coefficient. Vertical bars represent the standard error.

Fig. 3. Clustering analysis of multilocus microsatellite data of Argynnis nerippe performed using STRUCTURE software. A, Plot of Delta 
K calculated with the formula Delta K = mean (|L''(K)|)/sd(L(K)), n = 48. B, Bar plot of estimated membership of each individual in K = 2 
clusters. Black bars separate the five population sample groups. Different colors represent different gene pools.
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the RST estimates showed a limited amount of divergence: 
five of the ten population pairs diverged significantly and 
the Gureopdo population diverged from other populations 
except that from Anseong; Yaecheon and Anseong populations 
diverged significantly; and, similarly, Yangpyeong and Yaecheon 
populations diverged significantly (Table 5). Considering the 
results of the FST and RST analyses together, the Gureopdo 
population appeared to be the most divergent and the Yaecheon 
population the next most divergent. A PCoA based on the 
first two principal coordinates was performed to investigate 
population relationships based on genetic distances among 
individuals and among populations (Fig. 4). The first two 
components explained 16.99 and 87.30% of the individual- and 
population-based variation, respectively. The first component of 
individual-based analysis accounted for 9.38% of the variation 
and explained the slight divergence of individuals in Gureopdo; 
the second component accounted for 7.61% of the variation 
and explained the slight divergence of individuals in Yaecheon 
(Fig. 4A). The population-based analysis clearly showed 
divergence between the Gureopdo and Yaecheon populations 
and to the remaining populations (Fig. 4B); this is consistent 
with the results of the FST and RST analyses and indicated that the 
Gureopdo and Yaecheon populations are clearly distinct from the 
other populations.

Discussion

Argynnis nerippe has experienced a significant reduction 
in distribution and population size, probably due to reduction 
in grasslands as a result of increases in forested ecosystems, 
urbanization, industrialized farming, agriculture, and golf course 
construction (Kim et al., 2011a). The Gureopdo population is 
known to be the largest in Korea, accounting for about 32% of 
the total species abundance (Kim et al., 2011a). One of the main 
reasons for viability of this large population may be lowered 
competition in comparison to other inland populations (Kim, 
Personal communication). 

With regard to population isolation, our FST, RST, and PCoA 
data collectively suggested that the Gureopdo and Yaecheon 
populations were each isolated from other populations (Fig. 4; 
Table 5). The genetic isolation of the Gureopdo population is 
likely due to geographic isolation as it is an offshore islet habitat 
(Fig. 4; Table 5). Probably population increase in Gureopdo 

of two genetic groups (Fig. 3A). The assignment results for K = 2 
showed that all sampled individuals exhibited an admixture from 
two gene pools (Fig. 3B). However, the Gureopdo population 
differed from the other populations in that it showed an opposite 
composition of the two gene pools; this may indicate the 
potential of the population differentiation from others. Yaecheon 
was also slightly different in that one gene pool predominated in 
this population. 

In a test of pairwise FST estimates, seven of ten comparisons 
were found to be significant: Gureopdo diverged significantly 
from all other populations; Anseong and Yaecheon populations 
both diverged significantly from three populations, with the 
exception of that from Yangpyeong (Table 5). By contrast, 

Table 5. Analysis of genetic differentiation between pairs of 
Argynnis nerippe population

Fig. 4. Results of the principal coordinate analysis (PCoA). A, PCoA 
plot depicting allelic variance at 10 microsatellite loci in the 48 
sampled individuals. B, PCoA plot depicting allelic variance at 10 
microsatellite loci in the five sampled populations. The percentages 
variation explained by the 1st and 2nd axes are indicated.
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The Yaecheon population may show limited inward gene 
flow as no other closely situated southern populations are 
known (Kim et al., 2012). Probably, the nearest population is 
that at Jaecheon (~57 km), which might offer a route for gene 
flow; however, other populations are located at distances, 
ranging from ~114 km (Anseong) to ~228 km (Gureopdo). 
Therefore, the genetic isolation of the Yaecheon population 
is likely explicable in terms of the limited availability of 
other populations. Another possible reason for the apparent 
isolation might be that the Yaecheon population is very small. 
In practice, Yaecheon proved the most difficult locality to 
collect A. nerippe; a similar effort in collecting A. nerippe in 
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associated with a small population size might explain the 
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and analysis is likely to answer this question. 

In summary, we developed 10 robust polymorphic 
microsatellite markers for genetic analyses of A. nerippe. 
These are the first microsatellite markers for use in studies 
on the population genetic structure of this species. Our 
genotyping results indicate that A. nerippe populations in 
Gureopdo and Yaecheon are genetically isolated, although 
they are not currently inbred (Fig. 2). Given the limited access 
to this endangered species, the results of the population 
genetic analysis of A. nerippe were of necessity based on 
examination of a limited number of individuals (48) from five 
South Korean localities. As more samples are collected from 
a diverse range of Asian countries, including South Korea, 
further analyses of the population genetics of this endangered 
species will be feasible using our newly developed set of 
microsatellite markers. 
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