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The red-spotted apollo butterfly, Parnassius bremeri  Bremer, 1864 (Lepidoptera: 
Papilionidae), is an endangered species in South Korea. Development and application of 
molecular markers to assess population genetics perspectives can be used as a basis to 
establish effective conservation strategies. In this study, we developed 12 microsatellite 
markers specific to P. bremeri using Illumina paired-end sequencing and applied the markers 
to South Korean populations to understand population characteristics. Genotyping of 40 P. 
bremeri individuals from three localities showed that at each locus, the observed number of 
alleles ranged from 6 to 22 and the observed and expected heterozygosities were 0.500-1.00 
and 0.465 to 0.851, respectively. Significant deviation from the Hardy–Weinberg equilibrium 
was not observed in all loci studied. The population based FST and RST collectively suggest 
that at least the Samcheok population in northernmost Gangwon Province has a significant 
divergence from the remaining two populations (P < 0.01), and this result is also reflected in 
the forewing length. Further studies with an increased sample size will be necessary to draw 
robust conclusions and devise conservation strategies.

© 2017 The Korean Society of Sericultural Sciences
Int. J. Indust. Entomol. 35(1), 30-38 (2017)

Introduction

The red-spotted apollo butterfly, Parnassius bremeri Bremer, 
1864 (Lepidoptera: Papilionidae) is distributed throughout 
Russia, Korea, and China, and is noticed mostly in open 
landscapes in the mountainous rock fields, mountaintop rocks, 
and riverside rock land (Kim et al., 1999; Ko et al., 2004). In 
Korea, adult butterflies appear once a year between May and 
June, and several species of Sedum plants serve as hosts (Ko et 
al., 2004). This species has historically been detected in a broad 

region of the Korean peninsula, but in the last decade only three 
localities in central regions formed a certain population size (Park 
and Kim, 1997; Ko et al., 2004; Kim et al., 2011a, 2011b), and 
is thus listed as a second-degree endangered wild insect in Korea 
(Kim, 2005). 

Previously, P. bremeri has been studied for its ecology, 
dispersal pattern of metapopulations, host plants, and possible 
alternative habitats (Park and Kim, 1997; Kim et al., 1999; 
Ko et al., 2004; Kim et al., 2011a, 2011b, Kim et al., 2012). 
From a genetics perspective, full-mitochondrial genome of P. 
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Sequence analysis for DNA barcoding region 

For species identification, the DNA barcoding region, 
corresponding to a partial mitochondrial (mt) COI gene sequence 
(658 bp for Lepidoptera; Hebert et al., 2003) was sequenced 
from all individuals genotyped for microsatellite loci. To 
amplify the DNA barcoding region, PCR was performed under 
the following conditions: an initial denaturation step at 94°C 
for 7 min; 30 cycles of 94°C for 1 min, 50°C for 1 min, and 
72°C for 1 min; and a final extension step of 72°C for 7 min. 
The primers for the COI gene were adapted from Folmer et al. 
(1994): LCO1490 (5'-GGTCAACAAATCATAAAGATATT
GG-3') and HCO2198 (5'-TAAACTTCAGGGTGACCAAA
AAATCA-3'). The PCR products were purified using a PCR 
Purification Kit (Bioneer, Korea). Electrophoresis was performed 
in 0.5X TAE (Tris-Acetate EDTA) buffer using 0.5% agarose 

bremeri has been examined for its evolutionary characteristics 
and phylogenetic relationships in Lepidoptera (Kim et al., 
2009). Further, DNA barcoding region was employed to 
sequence the genome of P. bremeri individuals with different 
number of eyespots on wings, but no relationship between the 
number of eyespots and haplotype was found (Lee, unpublished 
data). Nevertheless, no study on population genetics has been 
conducted in P. bremeri to date.

In this study, using the Illumina paired-end sequencing 
technique, we newly developed 12 microsatellite markers from 
P. bremeri, which represents a first for this species. Given the 
limited access to this endangered species, coupled with its rarity, 
the results of the population genetic analysis of P. bremeri are, 
of necessity, based on examination of only a limited number of 
individuals from three South Korean localities. 

Materials and Methods

Sampling, morphological examination, and DNA 
extraction

Adults of P. bremeri were sampled from three localities 
(Uiseong, Gyeongsangbuk-do; Yeongdong, Chungcheongbuk-
do; and Samcheok, Gangwon-do; Fig. 1) in South Korea during 
June 2015. Detailed description and coordinates are being 
omitted to ensure the protection of the insect species. For each 
location, we obtained the necessary permission to collect from 
the respective offices. For the collected samples, we examined 
several morphological characteristics such as forewing length, 
body length, and wing pattern element to identify existing 
distinctions among the populations. The measurements were 
subjected to an analysis of variance (ANOVA) using JMP 
software ver. 11.1.1 (SAS Institute, Cary, N.C., USA). The 
statistical significance of pairwise comparisons on forewing 
length among populations was evaluated by the Tukey-Kramer 
HSD test. Considering majority of specimens were males (9 
out of 10 from Uiseong, 8 out of 10 from Yeongdong, and 16 
out of 20 individuals from Samcheok populations) only males 
were included for the analysis. Total DNA was extracted from 
the hind legs using a Wizard Genomic DNA Purification Kit 
in accordance with the manufacturer’s instructions (Promega, 
USA).

Fig. 1. Sampling location of Parnassius bremeri in South 
Korea. General locality names are are as follows: 1, Uiseong, 
Gyeongsangbuk-do; 2, Yeongdong, Chungcheongbuk-do; and 3, 
Samcheok, Gangwon-do.
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Data analyses

Number of alleles, effective number of alleles, observed 
heterozygosity (HO; Weir, 1990), and expected heterozygosity 
(HE; Weir, 1990) 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 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 a Bonferroni correction (Rice, 1989). 
FST, which is estimated based on the infinite allele model of 
mutation (Weir and Cockerham, 1984) and RST, estimated based 
on the sum of squared size difference, assuming a stepwise 
mutation process (Slatkin, 1995) were calculated using Arlequin 
v. 3.5 (Excoffier and Lischer, 2010). The significance of the FST 
and RST after adjustment using the Bonferroni correction was 
obtained using Fisher’s exact test based on 10,000 permutations. 

Results and discussion

Morphological and barcode identification 

Morphological examination showed that all specimens 
similarly possessed the typical morphology of P. bremeri. The 
measurement of forewing length, however, revealed differences 
among the populations, although body length, wing pattern 
element, and other morphological measurements were similar: 
37-45 mm in Uiseong population with an average of 41 mm, 37-
42 mm in Yeongdong population with an average of 39 mm, and 
35-39 mm in Samcheok population with an average of 37 mm. 
Statistical analysis of the forewing length highlighted significant 
differentiation of the Samcheok population from the remaining 
two populations (p < 0.0001). Thus, these morphological 
differences are worthy of a scrutiny, though with extensive 
sampling. 

gels to confirm successful DNA amplification. DNA sequencing 
was performed using the ABI PRISM® BigDye® Terminator v. 
3.1 Cycle Sequencing Kit with an ABI 3100 Genetic Analyzer 
(PE Applied Biosystems, Foster City, CA, USA). All PCR 
products were sequenced from both directions. The sequences 
of both DNA strands from each individual were aligned using 
ClustalW2 program (Larkin et al., 2007; http://www.ebi.ac.uk/
Tools/msa/clustalw2), to obtain a consensus gene sequence. 
Different haplotypes were chosen for all individuals differing 
by one or more nucleotides by performing unordered pairwise 
comparisons among sequences, using PAUP v. 4.0b (Swofford, 
1999). Haplotype designations were applied to the new 
sequences as they were discovered (i.e., PBBAR01, PBBAR02, 
PBBAR03, and so forth). The GenBank accession numbers for 
these sequences are MF538534-MF538573. 

Paired-end genomic sequencing with Illumina 
Mi-Seq 

For the construction of DNA library, the quality and 
concentration of the extracted DNA were measured using 
a NanoDrop spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA). About 200 ng of purified genomic 
DNA was sheared into ~550 bp fragments using a Covaris S220 
ultrasonicator (Covaris, Woburn, MA) and processed to generate 
a paired-end library using a TrueSeqnano DNA Library Kit 
(Illumina, San Diego, CA). Detailed experimental procedure is 
described in Kim et al. (2017). 

Development of microsatellite markers and 
genotyping

The 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). 
One of the primer pairs for each locus was labeled with 
6-carboxyfluorescein (6-FAM) fluorescent dye (Gencube, Korea; 
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, 49-51°C for 30 s, and 72°C for 1 min; 
and a final extension step of 72°C for 5 min (Table 1). Detailed 
experimental procedure is described in Kim et al. (2017). 
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Paired-end genomic sequencing 

We used next-generation sequencing (NGS) technique 
to obtain massive sequence information for P. bremeri. 
Sequencing was performed on an Illumina paired-end library 
and 300 bp paired-end reads were generated through the 
Illumina Mi-Seq platform, resulting in a total of 32,409,252 
reads (Table 3). Also, the total number of scaffolds was 
991,751, with an average scaffold length of 409.48 bp (Table 
3). To identify reliable assembly, short reads were remapped 
to assembled sequences using Bowtie2 (Langmead and 
Salzberg, 2012), and only assembled scaffolds with average 
depth > 10 were used for microsatellite marker identification. 

DNA sequencing of 40 individuals provided a total of nine 
haplotypes (PBBAR1- PBBAR9) with the maximum sequence 
divergence of 0.608%, indicating low sequence divergence in 
P. bremeri (4 bp; Table 2). These haplotype sequences were 
further compared to GenBank-registered DNA barcode data 
(GenBank accession number FJ871125; Kim et al., 2009), and 
we found that the GenBank-registered DNA barcode sequence, 
which originated from a sample collected in South Korea was 
identical to the current PBBAR04 (data not shown). Thus, 
both morphological and DNA barcode sequences collectively 
support the notion that all samples used in this study belong to P. 
bremeri.

Table 1. Twelve microsatellite markers developed from Parnassius bremeri

Marker name
Repeat 
motifs

Primer sequence (5'-3')
Annealing 

temperature (°C)
Size (bp) GenBank no.

PB18 (AT)42
ATGTTTGTAGCTTATGTTCT

49 191 KU304377
GAAATGCCAAAAATTTTGAG

PB37 (AT)37
ATAAATCGTCTTTAAGAGGG

51 237 KU304378
TTAGATTTCCGAAAAGTCAT

PB65 (ATT)9
ATTTGCAGTAGTATTCATGT

49 291 KU304379
ACTATGGCAAATATCCAATT

PB1218 (AG)27
TGAAATTATAAGAGCGAGTT

49 256 KU304380
GCTTATTATTGCACATTTCA

PB8095 (AAT)13
AGATATGTAATGTCCGAAAG

51 237 KU304381
TAAACATGTGTAGTTGGAAA

PB36120 (AT)43
TTTACTACCAACCTTAACTG

51 285 KU304382
TCACTCATTTAAATAGCGAT

PB58365 (AAT)10
AGTGGATAAAACCGAAATAA

49 104 KU304383
GTGTGATAGTTGTGGAATAT

PB60526 (AT)42
TGTAGGATTACCGTTAAATC

51 286 KU304384
ATATACTAATTGGGGTGTCT

PB90873 (AC)27
CTAGATTATGACGAAACAGT

51 201 KU304385
GTAAATTGTTCCTCTCGTAT

PB290815 (AC)28
AGCAGGTATTAATTGGATAC

51 241 KU304386
AATATTGTGTATGTTTGCAC

PB312299 (GT)32
CTTATCAGCTTATCACAACT

51 278 KU304387
TCAATAGTACGAGTCATTTC

PB144310 (AAT)10
GCCAGATTGTTAAAATTGTT

49 274 KU304388
CTATGTAAAAAGTGGGAGAA
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Development of microsatellite markers and 
genotyping

We initially selected 50 candidate microsatellites for testing 
the availability of primer sites, amplification efficiency, degree of 
polymorphism, and specificity for target loci. Of these, 12 were 
eventually selected and used for subsequent genotyping. The 
PCR parameters and GenBank accession numbers of the 12 loci 
are listed in Table 1.

The availability of these 12 microsatellite markers ranged 
from 0.925 to 1, with an average of 0.992, indicating an 
overall high genotyping success (Table 5). For each locus, 

Consequently, 97,399 scaffolds with an average length of 
713.518 bp were obtained (Table 4). Trinucleotide repeats 
were the most abundant class of microsatellites (3,726 
regions) detected in the P. bremeri genome, followed by 
dinucleotide (1,923 regions) and tetranucleotide (1,139 
regions) repeats (Table 4).

Table 2. Pairwise comparisons among nine haplotypes obtained from mitochondrial COI gene sequence of Parnassius bremeri

Haplotype 1 2 3 4 5 6 7 8 9

1. PBBAR1 - 0.152 0.456 0.152 0.152 0.152 0.152 0.304 0.152

2. PBBAR2 1 - 0.608 0.304 0.304 0.304 0.304 0.456 0.304

3. PBBAR3 3 4 - 0.304 0.304 0.608 0.608 0.456 0.608

4. PBBAR4 1 2 2 - 0.304 0.304 0.304 0.152 0.304

5. PBBAR5 1 2 2 2 - 0.304 0.304 0.456 0.304

6. PBBAR6 1 2 4 2 2 - 0.304 0.456 0.304

7. PBBAR7 1 2 4 2 2 2 - 0.456 0.304

8. PBBAR8 2 3 3 1 3 3 3 - 0.456

9. PBBAR9 1 2 4 2 2 2 2 3 -

Numbers above the diagonal are mean distance values; numbers below the diagonal are absolute distance values.

Table 3. Summary statistics of Illumina Mi-Seq paired-end 
(2X300) read sequence data and de novo assembly of Parnassius 
bremeri genome

Sequencing Data Summary

Platform Mi-Seq

Library Type Paired-end

Read Length (bp) 300

# of Reads 32,409,252

Total bp 9,755,184,852

　Assembled Genome Summary

Scaffolds # 991,751

N50 683

N80 318

N90 146

Longest (Shortest) scaffolds bp 13,238 (100)

GC level 35.02%

Scaffolds bp 406,098,606

Scaffolds average length 409.48

Table 4. Summary statistics of filtered scaffolds of Parnassius 
bremeri genome for microsatellite marker identification

Scaffolds (>10X,  
>90% coverage)

Scaffolds # 97,399

N50 796

Scaffolds bp 69,495,940

Average coverage 30.40X

Scaffolds average length 713.518

Perfect microsatellite sequences 13,179

Di-nucleotides 1,923

Tri-nucleotides 3,726

Tetra-nucleotides 1,139

Octa-nucleotides 226

Hexa-nucleotides 30
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None of the three populations showed evidence of inbreeding (FIS 
= -0.207 ~ -0.154). The within-population gene diversity, which 
corresponds to the HE in the diploid data, ranged from 0.722 
(Yeongdong and Uiseong) to 0.750 (Samcheok). The analysis 
of the FST and RST values between populations indicated that FST 
revealed all populations pairs to have statistically significant 
differences, whereas RST revealed only Samcheok as the 
population differentiated from other populations with statistical 
significance (Table 6). 

The disjunctive distributions or regional extinction 
in populations would result in genetic isolation among 
populations as a consequence of genetic drift when compared 
to populations that are interconnected by gene flow 
(Templeton, 1998). Considering the status of P. bremeri that 
is listed as an endangered species with a limited number of 
populations, the genetic subdivision detected by the FST and 
RST can easily be inferenced, as a consequence of regional 
extinction, possibly caused by habitat change and reduced 
host availability. With regard to dispersal, a ‘mark-release-
recapture’ study among the patches of a locality in South 
Korea has found more frequent dispersal among closer 
patches rather than distant patches with a dispersal distance 
of less than 300 meters in majority of P. bremeri (Kim et al., 
2011a). These ecological and behavioral factors may have 
concomitantly affected to current population subdivision 
detected by FST and RST, although this speculation is based 
only on a limited sample size. 

Examination of the likelihood scores from the 10 replicate 
run across K-values from 1-10 indicated that the optimal 
K-value was 3, suggesting that the P. bremeri in South Korea 
is composed of three genetic groups (Fig. 4). The assignment 
results of K = 3 showed that all sampled individuals exhibited 
admixture from the three gene-pools with roughly equal 
contributions, but this admixture was not correlated to 
geographical and gene pool assignments. Thus, there was 
no consistent results between the FST, and RST data, forewing 
length (Table 6; Fig. 2) and the STRCCTURE analysis (Fig. 
4). Considering many other typical population genetics 
studies that use a large sample size (e.g., Kim et al., 2017), 
our current dataset is very limited. Thus, an expanded study 
with an elaborate sample size is required to examine our 
current observations.

In conclusion, microsatellite markers in the past have been 
developed from several species of Parnassius (Meglécz et al., 

the allele numbers ranged from 6 (locus PB65) to 22 (locus 
PB312299), with a mean number of 14. The major allele 
frequency ranged from 0.175 (locus PB290815) to 0.713 
(locus PB37). The locus PB290815, which provided the third 
highest allele number next to PB312299 and PB1218 showed 
the highest number of genotypes (32). The lowest genotype 
number (6) was found in the locus PB65 and the average 
genotype number was 19. The HO and HE values ranged from 
0.500 to 1.00 (mean = 0.881) and 0.465 to 0.851 (mean = 
0.748), respectively, indicating somewhat higher HO. Positive 
FIS values, which indicate a heterozygote deficiency, were not 
observed in any locus. No locus was found to be significantly 
different from HWE after applying the Bonferroni correction 
(P = 0.05/12 ≤ 0.005). The tests for genotypic LD showed no 
significant allele associations among the 12 loci after applying 
the Bonferroni correction, suggesting that all loci can be 
considered to be independent markers.

Population genetics analysis 

The Samcheok population, in which nearly twice the 
number of individuals were analyzed twice compared to other 
populations revealed a significantly higher number of different 
alleles (9.833 ± 0.999 vs. 7.417 ± 0.712 in Uiseong and 6.917 ± 
0.621 in Yeongdong) and number of private alleles (3.583 ± 0.999 
vs. 1.583 ± 0.313 in Uiseong and 1.417 ± 0.379 in Yeongdong; 
Fig. 3). However, other allelic patterns across populations 
indicate an absence of obvious difference among populations. 

Fig. 2. Plot of the forewing length according to Parnassius bremeri 
populations. The forewing length for Samcheok population was 
significantly different from the remaining populations (p < 0.001). 
Vertical bars indicate standard deviations. Horizontal bars indicate 
standard deviations. The horizontal line across populations indicate 
mean value of forewing length (38.8 mm).
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Fig. 3. Mean allelic patterns across three populations from 12 loci of Parnassius bremeri. 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. 4. Clustering analysis of multilocus microsatellite data of Parnassius bremeri performed using STRUCTURE software. (a) Plot of Delta 
K calculated with the formula Delta K = mean (|L''(K)|)/sd(L(K)), n=40. (b) Bar plot of estimated membership of each individual in K = 3 
clusters. Black bars separate the three population sample groups. Different colors represent different gene-pools. 

Table 5. Characteristics of 12 microsatellite loci in Parnassius bremeri 

Marker n a Availabilitya MAF AR
No. 

genotype 
HE HO PIC FIS

HWEb

(P-value)
PB18 40 13 1.000 0.213 8.156 24 0.817 1.000 0.848 -0.224 0.541

PB37 40 10 1.000 0.713 4.773 11 0.465 0.500 0.460 -0.075 0.773

PB65 40 6 1.000 0.463 3.825 6 0.625 0.983 0.590 -0.572 0.039

PB1218 40 17 1.000 0.238 9.684 27 0.823 1.000 0.868 -0.215 0.550

PB8095 40 16 1.000 0.363 8.08 20 0.798 0.883 0.800 -0.107 0.251

PB36120 40 14 1.000 0.325 7.692 16 0.789 0.833 0.810 -0.057 0.035

PB58365 40 15 1.000 0.338 7.011 19 0.725 0.867 0.772 -0.196 0.371

PB60526 40 11 1.000 0.275 7.217 16 0.804 1.000 0.806 -0.244 0.584

PB90873 40 12 0.975 0.321 6.91 13 0.765 0.967 0.768 -0.263 0.085

PB290815 40 16 1.000 0.175 9.634 32 0.851 0.900 0.890 -0.058 0.689

PB312299 40 22 1.000 0.250 9.716 28 0.812 0.917 0.860 -0.129 0.462

PB144310 40 11 0.925 0.446 6.599 15 0.703 0.725 0.728 -0.031 0.204

Mean 40 14 0.992 0.343 7.441 19 0.748 0.881 0.767 -0.181

n, number of tested individuals; a, number of observed allele; MAF, major allele frequency; AR, allele richness; and PIC, polymorphic information contents. 
a
Availability is defined as 1-Obs / n, where Obs is the number of observations, and n is the number of individuals sampled. 

b
Significant deviation from Hardy-

Weinberg equilibrium after a Bonferroni correction (*P = 0.05/12 = <0.005).
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1998; Keyghobadi et al., 1999; Petenian et al., 2005; Mira 
et al., 2014), but no microsatellite markers were developed 
specifically from P. bremeri. In this study, we succeeded in 
developing a suite of polymorphic microsatellite markers for P. 
bremeri. These markers will be used to study the population 
genetics structure of undiscovered Asian populations and 
additional South Korean populations of P. bremeri. Although 
our data is based on a limited sample size, the genotyping 
results indicate that P. bremeri populations in South Korea 
are somewhat differentiated from one another, particularly, 
the northern Samcheok population. Probably, regional 
extinction, along with dispersal behavior may have caused 
such subdivision. As more samples are collected from diverse 
regions of Asia, including South Korea, further scrutinized 
data analysis will be performed. 
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