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The chestnut tiger butterfly, Parantica sita (Kollar) (Lepidoptera: Nymphalidae: Danainage),
occurs in Asia, along the Himalayas, and into the Malayan region. Previous studies found
three types of mitogenomes with substantial genetic divergence in samples from China.
To clarify the level of differentiation within P, sita, we investigated both molecular data and
morphological features in 429 individuals from China. Upon examination, mitochondrial
cytochrome oxidase subunit | (COI) sequences showed three substantially diverged
haplotype groups. Based on microsatellite genotypes, the samples divided into three
clusters that were consistent with the COI haplotype groups. With that genetic data,
we named three distinguishable P, sita lineages: PS-A, PS-B, and PS-C. We also found
obvious morphological differences in wing color, male sex brand, and genitalia structures
among the three lineages. According to the published structure of male genitalia, that of
PS-Ais identical to that of P, s. sita, and that of PS-B is identical to that of R pedonga.
Based on all the results, we tentatively propose dividing P, sita into three species: PS-
A (the former P s. sita) is the typical Parantica sita [Kollar, (1844)], mainly distributed
in southwestern China; PS-C (the former P s. niphonica) is elevated to full species as
Parantica niphonica (Moore, 1883), distributed in Taiwan Island and Japan; and PS-
B will be Parantica pedonga Fujioka, 1970, mainly distributed in Tibet and western
Sichuan. Divergence time estimates showed that PS-A separated from the PS-B + PS-C
clade about 8.79 million years ago (Ma), when the Hengduan Mountains underwent an
appreciable elevation increase, isolating the Tibet population from the others. PS-B and
PS-C diverged about 4.87 Ma, in accord with the formation of Taiwan Island mountains.
The founder effect may explain why PS-C’s genetic diversity is lower than that of the
other clades.
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INTRODUCTION

Fundamental to understanding the evolutionary sciences is
the understanding of the mechanisms underlying biodiversity
(Purvis and Hector, 2000), and many studies have attempted
to infer how the genetic differentiation of species has been
influenced through time and space (e.g., Howes et al., 2006;
Cheng et al,, 2016; Liu et al,, 2019, 2021). Genetic differentiation
is influenced by both abiotic and biotic factors, possibly working
jointly, so that various evolutionary histories are found among
different taxa (e.g., Nielson et al, 2001; Kozak et al., 20065
Cheng et al., 2019).

Geological events that change topography and climate may
critically affect the mechanisms influencing biodiversity (Hewitt,
2000). For instance, the uplift of the Qinghai-Tibet Plateau
(QTP), including the Himalaya and Hengduan Mountains,
in southwestern China created a complex, heterogeneous
topography [e.g., large altitudinal differences that often exceed
2,000 m between valleys and mountain ridges in a series
of parallel, north-south-oriented mountains (Yao et al,
2010)]. High mountains create biogeographic barriers that can
impede gene flow between populations and can drive genetic
differentiation and even speciation (Long et al., 2006; Lei et al,,
2014; Niu et al., 2018; Cheng et al., 2019). Additionally, the
QTP uplift greatly influenced climate, such as the development
of the Asian monsoon system (Tang et al, 2013) and the
aridification of Central Asia (Miao et al, 2012). Subsequent
habitat diversification led to increased biodiversity through
ecological adaptations (Ledevin et al., 2018; Liu et al., 2021),
leaving this area a major global biodiversity hotspot with high
levels of endemism and species richness (Myers et al., 2000).

Taiwan Island, another biodiversity hotspot (Myers et al.,
2000), was also affected by the Cenozoic Himalayan orogeny
(Zhang et al., 2015), and populations distributed on both sides of
the Taiwan Strait may have experienced genetic differentiation.
During the interglacial-glacial cycles in the Pleistocene, a
land bridge would periodically form in the Strait, leading to
repeated connections and separations between Mainland China
and Taiwan Island (Teng, 1990; Huang et al, 1997). Those
occurrences greatly influenced Taiwan’s contemporary fauna and
flora. As global biodiversity hotspots, the QTP and Taiwan Island
are popular areas for the exploration of biodiversity mechanisms
(e.g., Lei et al., 2014; Niu et al., 2018; Cheng et al., 2019; Liu et al,,
2021), and even more investigations are needed to clarify those
regions’ species’ complex evolutionary histories.

In this study, we focus on the chestnut tiger butterfly,
Parantica sita (Kollar) (Lepidoptera: Nymphalidae: Danainae).
Found across Asia, P. sita has six subspecies: P. s. sita, P. s.
niphonica (Moore), P. s. tytia (Gray), P. s. ethologa (Swinhoe),
P. s. oblita (Tsukada and Nishiyama), and P. s. melanosticta
(Morishita)'. Among them, P. s. sita is distributed mainly in
southwestern China, and P. s. niphonica occurs in Taiwan
Island, South Korea, and Japan (Chou, 1994). In a previous
study, we found substantial genetic divergence between the
mitogenomes of those two subspecies—a 4.1% divergence in

Uhttps://www.nic.funet.fi/pub/sci/bio/life/

the complete mitogenome and a fragment insertion/deletion in
the A + T rich region (Hu and Wang, 2019). Additionally, the
phylogenetic analysis showed P. s. niphonica more closely related
to P. luzonensis than to P. s. sita, so we proposed that P. s.
sita and P. s. niphonica are independent species (Hu and Wang,
2019). In a subsequent study, we found a novel mitogenome
in P. s. sita samples from Leshan, Sichuan, in southwestern
China. Its sequence diverged significantly from the known
mitogenomes of those two subspecies, and there was a fragment
insertion/deletion in the A + T rich region (Zhang et al., 2022).
Then, phylogenetic analysis showed that those three mitogenome
types were not monophyletic because P. luzonensis was mixed
in (Zhang et al., 2022). This implied that the Leshan individuals
were possibly from an independent species and, consequently,
that P. sita in China could be a species complex. To clarify P. sita’s
genetic differentiation, we collected a large number of individuals
from throughout the species’ entire distribution area in China
for a genotyping investigation, as well as for morphological
comparisons. Meanwhile, as the distribution area covers both
QTP and Taiwan Island, an understanding of P. sita’s genetic
divergence would be valuable for explaining how geological
events contribute to species evolution.

MATERIALS AND METHODS

Sampling of Butterflies and DNA

Extraction

We collected 403 P. s. sita individuals from its distribution
range (i.e., Sichuan, Chongging, Yunnan, Guizhou, and Tibet)
(Figure 1). Because samples collected in different months were
considered different populations in some sites, 18 populations
were sampled from 13 sampling sites (Supplementary Table 1).
Besides, 26 individuals of P. s. niphonica were collected from
Japan and Taiwan Island. Because P. s. niphonica maintains
an annual migration route between Taiwan Island and Japan
(Kanazawa et al., 2012; Cheng et al., 2015), those 26 individuals
were considered to be from one population (Supplementary
Table 1). For the outgroup, we collected 10 P. melaneu
and P. swinhoei individuals. All butterflies were taken to the
laboratory as soon as possible after capture, and their thoraxes
were then preserved in ethanol at —20°C.

Before DNA extraction, the thoraxes were soaked in TE
buffer (10 mmol/L Tris-HCl, 1 mmol/L EDTA, pH 8.0)
to remove ethanol. Total genomic DNA was extracted with
TIANamp Genomic DNA Kit (Tiangen, China) following the
manufacturer’s instructions.

Cytochrome Oxidase Subunit |

Sequencing and Analysis
oxidase subunit I

Cytochrome (COI) fragments were
amplified  using  universal  primers LCO1490  (5'-
GGTCAACAAATCATAAAGATATTGG-3') and HCO2198
(5-TAAACTTCAGGGTGACCAAAAAATCA-3') (Folmer

et al., 1994; Hebert et al., 2003). We performed the PCR in a
25 pL reaction volume using the EASYTaq PCR SuperMix Kit
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FIGURE 1 | Parantica sita haplotypes based on cytochrome oxidase subunit | (COI) sequencing. (A) Haplotype network diagram of the 19 sampled populations.
Circle size is proportional to the numbers of samples and each vertical line between haplotypes indicates a base difference. (B) The geographical distributions of the
three haplotype groups. Circle size is proportional to the number of samples. XZ: Motuo, Tibet; TBG: Tongbiguan, Yunnan; GLG: Mt. Gaoligong, Yunnan; LPS: Mt.
Luoping, Yunnan; BN: Xishuangbanna, Yunnan; KM: Kunming, Yunnan; QJ: Quijing, Yunnan; BYL: Bayuelin Nature Reserve, Sichuan; EMS: Mt. E'mei, Sichuan; LS:
Leshan, Sichuan; LHG: Laohegou Nature Reserve, Sichuan; JFS: Mt. Jinfo, Chongqing; GZ: Guizhou; TW: Mt. Yangming, Taiwan. The inset shows the distribution

(Transgen, China) under the following conditions: denaturing
at 94°C for 4 min, then 35 cycles of denaturing at 94°C for
30 s, annealing at 54°C for 30 s, elongation at 72°C for 50 s,
and a final elongation at 72°C for 10 min. The products were
sequenced on both forward and reverse strands by RuiBiotech
Ltd. (Beijing, China).

Sequences were edited and aligned using the MUSCLE
algorithm in MEGA v6.0 (Tamura et al., 2013). Genealogical

relationships among haplotypes were further assessed using a
TCS network algorithm constructed in PopArt v1.7 (Leigh and
Bryant, 2015) with P. melaneu and P. swinhoei as the outgroups.

Microsatellite Genotyping and Analysis

The microsatellite fragments of 14 polymorphic loci were
amplified (Supplementary Table 2) using the protocol described
in our previous study (Hu et al., 2020). For genetic diversity

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2022 | Volume 10 | Article 846499


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Hu et al.

Butterfly Speciation

TABLE 1 | Results of AMOVA of mtDNA cytochrome oxidase subunit | (COI) and microsatellite data from 19 Parantica sita populations.

Source of variation Degrees of freedom Variance components Percentage variation (%) F-statistic p
COl data

Among groups 2 10.72 Va 90.4 Fer =0.90 <0.001
Among populations within groups 16 0.06 Vb 0.5 Fsc =0.06 0.002
Within populations 407 1.07 Ve 9.1 Fst =0.91 <0.001
Total 425 11.85

Microsatellite data

Among clusters 0.72 Va 17.3 Fer =0.173 <0.001
Among populations within clusters 0.03 Vb 0.7 Fsc = 0.008 0.002
Within populations 3.39 Ve 82.0 Fst =0.180 <0.001
Total 414

Ve, Variance within populations; Vb, Variance among populations within groups; Va, Variance among groups/clusters.

analysis, we calculated polymorphism information content,
expected heterozygosity, and observed heterozygosity with
CERVUS v3.0.7 (Kalinowski et al., 2007); the average numbers
of alleles and numbers of effective alleles with PopGen v1.32
(Yeh and Boyle, 1997); and allelic richness and private allelic
richness of each population with HP-RARE v1.0 (Kalinowski,
2005). Population structure was evaluated using three methods:
(i) Bayesian approximation conducted in STRUCTURE v2.3.4
(Pritchard et al., 2000), (ii) a spatial Bayesian model-based
approach in TESS v2.3 (Chen et al., 2007), and (iii) discriminant
analysis of principal components using the R package adegenet
v2.0 (Jombart et al., 2010).

Genetic Variation and Spatial Analysis

To evaluate the genetic variation both among and within
populations based on COI and microsatellite data, we calculated
hierarchical analysis of molecular variance (AMOVA) by
computing conventional F-statistics from haplotypes with
10,000 permutations in Arlequin v3.5 (Excoffier and Lischer,
2010). We also used Arlequin to calculate the pairwise
Fsr for each pair of the 19 populations. Then, to assess
whether there was isolation by distance, we performed Mantel
correlation tests between geographical distances and the
pairwise genetic distances, Fsr/(1-Fsr). We also investigated
the relationships between genetic and geographical distances
by using spatial autocorrelation analysis. Both those analyses
and the Mantel tests were performed in GenALEx v6.5
(Peakall and Smouse, 2012). We used MEGA v6.0 (Tamura
et al, 2013) to calculate the p-distances for each pair of
the 19 populations.

Gene Flow Analysis and Divergence

Time Estimation

Assuming that P. sita in China is actually three species (see
Results), we estimated the gene flow among those species by
using MIGRATE-N (Beerli and Felsenstein, 2001) to calculate
Bayesian inference from the microsatellite data. The estimated
divergence times of the three lineages, based on COI sequences,
were performed in BEAST v1.8.4 (Drummond and Rambaut,
2007). Based on whole mitochondrial genes, Chazot et al.
(2019) estimated that the divergence time between P. s.

niphonica and Ideopsis similis was about 20 million years
ago (Ma) with a 95% highest posterior density (HPD) of
25-16 Ma. We used this divergence time as the secondary
calibration in our analysis. The results of three runs were
combined using LogCombiner in BEAST (Drummond and
Rambaut, 2007) and the initial 10% were discarded as burn-
in. The tree with divergence times was visualized using
FIGTREE v1.3.1%.

Morphological Observations

Specimens of both sexes were spread for examination and
digitally photographed against a medium-gray background.
Photos were adjusted using Adobe Photoshop CS (Adobe,
United States), and the ground color near the hindwing anal
angle was extracted for comparison across taxa. To compare the
male sex brands, specimens were observed under an SMZ1500
stereoscope (Nikon, Japan), and magnified photographs of the
textured patches on the upper side of the hindwings and
the modified scales on the hindwing undersides were taken
with a DMX1200 digital camera (Nikon, Japan) mounted on
the stereoscope.

Mainly followed Hu et al. (2018), we observed male and
female genitalia as follows. For each specimen, the abdomen
was removed and placed into a 1.5 mL microcentrifuge tube.
Then 1 mL water was added to the abdomen to allow the
tissue to rehydrate at 50°C for 30 min, after which 1 mL 10%
NaOH was added to digest the soft tissue at 70°C for 1 h.
The treated abdomen was neutralized with 2% acetic acid and
then dissected in a water-filled Petri dish under a stereoscope,
first removing residual tissues, scales, and hair. The genitalia
were then soaked in 80% glycerol for 12 h to render them
transparent, and then photographed with a DMX1200 digital
camera (Nikon, Japan) mounted on an SMZ1500 stereoscope
(Nikon, Japan). The photographs were automatically stacked
using Helicon Focus v7.5.8 (Helicon Soft, United States). After
observation and photography, all parts of the genitalia were fixed
on a glue card using water soluble polyvinyl acetate and pinned
with the specimen.

Zhttp://tree.bio.ed.ac.uk/software/figtree/
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FIGURE 2 | Results of using microsatellite markers with three clustering methods to analyze the 19 Parantica sita populations. (A) A Bayesian approximation
conducted in STRUCTURE. The letters below the bar plot are the geographic populations (see Supplementary Table 1) and the letters above are the main
geographical distribution areas corresponding to the cluster. XZ: Tibet; SCW: western Sichuan; SCN: northern Sichuan; GZ: Guizhou; CQ: Chongaing; YN: Yunnan;
TW/JP: Taiwan Island/Japanese archipelago. Each vertical bar represents an individual and different colors represent speculative clusters. (B) A spatial Bayesian
model-based approach in TESS. In each heat map, yellow represents individual assignment probability close to 1 while red indicates individual assignment
probability close to 0. The 19 R sita populations gathered into three clusters: Cluster1 was distributed mainly in Yunnan, Guizhou, Chongging, and northern Sichuan;
Cluster2 mainly in Tibet and western Sichuan; and Cluster3 exclusively on Taiwan Island and the Japanese archipelago. (C) Discriminant analysis of principal
components. Each dot represents an individual and each color represents a cluster. All populations gathered into three groups: Cluster1, mainly distributed in
Yunnan, Guizhou, Chongging, and northern Sichuan; Cluster2, mainly distributed in Tibet and western Sichuan; and Cluster3, distributed on Taiwan Island and the

Japanese archipelago.

RESULTS

Cytochrome Oxidase Subunit |

Sequences

We obtained 658-bp COI fragments from 426 P. sita individuals.
After alignment and primer sequence removal, the sequences,
now 591 bp in length, encoded 197 amino acids. There were
44 polymorphic sites, among which 36 occurred in the third
codon site, two in the second codon site, and six in the first site
(Supplementary Table 3).

We found 19 COI haplotypes in 426 individuals
(Supplementary Table 3). In the haplotype network with
P. melaneus and P. swinhoei as outgroups, the P. sita individuals
clustered into three significantly diverged groups (Figure 1A).
The HapA group consisted of 13 haplotypes with 1-6-bp
differences, the HapB group consisted of five haplotypes with
1-2-bp differences, and the HapC group had only one haplotype
(Figure 1A). There were also great differences among the groups:
25 bp between haplotype Al and B1, 31 bp between Al and C,
and 15 bp between B1 and C.

The HapA group was distributed mainly in southwestern
China, including Yunnan, Guizhou, Chongqing, and

northern Sichuan, and the HapB group was distributed
mainly in western Sichuan and Tibet (Figure 1B). Some
individuals in the HapA group were distributed in the
HapB group’s range and vice versa (Figure 1B). The HapC
group was distributed exclusively in Japan and Taiwan Island
(Figure 1B). So, with the 19 P. sita populations divided into
three haplotype groups, AMOVA indicated that the genetic
variation came mainly from among groups (90.4%; Table 1).
The pairwise Fst values among those three groups were
distinctly higher than those among populations within each
group (Supplementary Table 4). The p-distances among
populations within each group ranged from 0.000 to 0.014,
and those among three groups ranged from 0.025 to 0.052
(Supplementary Table 4).

Microsatellite Genotypes

We analyzed the microsatellite markers at 14 polymorphic loci
in 421 of the 429 individuals from 19 populations of P. sita
(eight individuals failed amplification). The results showed high
levels of polymorphism with polymorphism information content
ranging from 0.376 to 0.480 and expected heterozygosity from
0.432 to 0.534 (Supplementary Table 5).
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PS-A

PS-B

FIGURE 3 | The uppersides (A-C) and undersides (D-F) of representative hindwings of the three Parantica sita lineages: PS-A, PS-B, and PS-C. (A-C) The dotted
line surrounds the range of the black patch of the male sex brand, and the color within the colored circle indicates the color near the anal angle of the hindwing.
(D-F) Male sex brand variability as shown by modified white scales on the undersides of the sex brands. Scale bar is 1 mm.

PS-C

Clustering analysis in STRUCTURE revealed the 19
populations clearly divided into three clusters (Figure 2A).
The populations in northern Sichuan, Guizhou, Chongqing, and
Yunnan gathered into Cluster] and those in Tibet and western
Sichuan into Cluster2, while the individuals from Taiwan
Island and Japan were in Cluster3 (Figure 2A). Based on their
distribution ranges, these three clusters coincided with haplotype
groups, corresponding to HapA, HapB, and HapC, respectively.
A subsequent analysis using TESS obtained same result—the
19 populations were divided into three clusters (Figure 2B). In
discriminant analysis of principle components, all individuals
formed the same three clusters as those found by STRUCTURE
and TESS analysis (Figure 2C).

Analysis of molecular variance of the microsatellite data
showed that genetic variation came mainly from within
populations (82.0%) and among clusters (17.3%, Table 1).

Integration of Cytochrome Oxidase

Subunit | and Microsatellite Data

After integrating the COI haplotypes and microsatellite
genotypes, all individuals matched perfectly. Those belonging
to HapA were in Clusterl, those belonging to HapB were
in Cluster2, and all of HapC were in Cluster3. Notably, the

genetic properties of 12 individuals were “mismatched” to
their corresponding geographic ranges: Eleven individuals
from the Clusterl/HapA distribution range were identified as
Cluster2/HapB and one individual from western Sichuan was
identified as Clusterl/HapA (Figures 1A, 2). That implies that
Cluster1/HapA and Cluster2/HapB are distinguishable lineages
with substantial genetic divergence and, although they are
sympatric, some factors may hamper hybridization. Although
there were no “mismatched” individuals between Cluster3/HapC
and the other two clusters, it is safe to propose that, based on
genetic divergence, Cluster3/HapC is an independent lineage.
For simplification, we designated the three lineages PS-A, PS-B,
and PS-C, respectively, in the following analyses.

Morphological Differences

Overall, the wings of these three lineages appeared similar,
but upon closer examination we found differences. First, the
sub-hyaline patch in the PS-C discal cell was whitish, but
it was almost transparent with a grayish blue hue in PS-A
and PS-B (Figures 3A-C). Second, the hindwings upperside
background color was blackish brown in PS-C, reddish brown
in PS-A, and brick red in PS-B (Figures 3A-C). Due to
either individual differences or worn wings, some individuals
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FIGURE 4 | The male and female genitalia of the three Parantica sita lineages: PS-A, PS-B, and PS-C. (A-C) Male external genitalia (1, genitalia in lateral view; 2,
genitalia in dorsal view; 3, aedeagus in lateral view; 4, aedeagus in dorsal view); (D-F) Female genitalia (5, dorsal view; 6, lateral view). Scale bar is 1 mm.

could not be accurately distinguished based on wing color.
Finally, the male sex brand differed among the three lineages.
There are two types of modified white scales, long hairy scales
and short round scales, on the undersides of sex brands.
PS-B had mainly long hairy scales, PS-C had mainly short
round scales, and the ratio of the two scale types in PS-
A was approximately 1:1 (Figures 3D-F). The proportion of
the two types of scales in a couple of individuals were not
distinguishable.

PS-A

0.952 0.038
AOM 0.015
0.034
PS-B | == | Ps-C
0.032

FIGURE 5 | Estimated asymmetric gene flow, based on microsatellite data,
among the three lineages of Parantica sita (PS-A, PS-B, and PS-C). Numbers
indicate the number of migrants per generation.

The male and female genitalia were obviously different among
the three lineages. For male genitalia, the distance between
the socii of PS-B was obviously broader than those of PS-
A and PS-C; the valve of PS-B was narrower than those
of PS-A and PS-C; and the saccus of PS-B bent upward
(Figure 4). The most promising differences between PS-A and
PS-C were a blunt projection at the middle of the valve margin
and the distance between the socii of PS-C was wider than
that of PS-A (Figure 4). ANOVA comparing the distances
between the socii showed significant differences among the
three lineages (F = 7.694, p < 0.01). For female genitalia, PS-
B’s papillae anales were longer and the signum granules larger
than those of PS-A and PS-C (Figure 4). The major difference
between PS-A and PS-C was a longer ductus bursae in PS-
A (Figure 4).

According to the published structure of male genitalia (Lang,
2012), PS-A’s overall structure was identical to that of P. s. sita and
that of PS-B was identical to that of P. pedonga.

Gene Flow Among the Three Lineages

The estimated asymmetric gene flow, based on the microsatellite
data, among the three lineages showed that the magnitudes of
gene flow from PS-A to PS-B and from PS-A to PS-C were
much higher than those in the opposite direction (Figure 5).
The number of migrants per generation in all cases was lower
than 1 (Figure 5), indicating no obvious gene flow among
the three lineages.
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TABLE 2 | AMOVA results based on mtDNA cytochrome oxidase subunit | (COI) and microsatellite data from two Parantica sita lineages: PS-A and PS-B.

Source of variation Degree of freedom Variance components Percentage variation (%) F-statistic P
COl data
Among populations 13 0.013 Va 3.6 0.036 0.007
Within populations 268 0.345 Vb 96.4

PS-A Total 281 0.358
Microsatellite data
Among populations 0.010 Va 0.3 0.003 <0.001
Within populations 3.306 Vb 99.7
Total 3.317
COl data
Among populations 3 0.008 Va 2.1 0.021 0.108
Within populations 94 0.174 Vb 97.9

PS-B Total 97 0177
Microsatellite data
Among populations 0.064 Va 1.8 0.018 <0.001
Within populations 3.523 Vb 98.2
Total 3.587

Vb, Variance within populations; Va, Variance among populations.

Estimations of Divergence Times

Divergence time dating results showed that the PS-A clade
separated from the PS-B + PS-C clade at about 8.79 Ma (95%
HPD: 13.05-4.85 Ma), and the PS-B and PS-C clades separated
about 4.87 Ma (95% HPD: 7.95-2.18 Ma; Figure 6).

Genetic Differentiations Within Lineages
For PS-A, the AMOVA result based on COI data indicated
that the main genetic variation was 96.4% within populations
(Table 2). A similar result was obtained based with microsatellite
data (99.7% within populations, Table 2). Mantel test results
detected no isolation by distance in the PS-A populations
(Figure 7). Also, spatial autocorrelation traces were always within
the 95% confidence limits, indicating no spatial autocorrelation
among all PS-A populations (Figure 8).

For PS-B, the AMOVA result based on COI data showed
that the genetic variation occurred mainly within populations
(97.9%, Table 2) and the AMOVA based on microsatellite data
showed a similar result (98.2% within populations, Table 2).
The Mantel test revealed correlated genetic and geographical
distances in PS-B populations (Figure 7). When the geographical
distance between populations was within 0-120 km and greater
than 800 km, spatial autocorrelation traces were outside the
95% confidence limits (Figure 8), thus indicating that there
was spatial autocorrelation between PS-B populations in western
Sichuan and Tibet.

DISCUSSION

Differentiation of P, sita

In previous studies, we found substantial genetic divergence
among three types of mitogenomes in P. sita (Wu et al., 2014;
Hu and Wang, 2019; Zhang et al., 2022). In this study, the large
number of samples we collected across the P. sita distribution

range in China allowed us to investigate mitochondrial COI
haplotypes, and the three resulting haplotype groups we detected
in those samples (Figure 1A) were consistent with the findings
from those previous studies. The genetic divergences among the
three groups are even greater than that between two sibling
species, P. melaneus and P. swinhoei (Figure 1A). Because
great genetic divergences in mitochondrial sequences can be
found within insect species (Borchers and Marcus, 2014), we
also analyzed the microsatellite genotypes of our samples.
Those results showed that the samples once again divided into
three clusters (Figure 2), each corresponding to mitochondrial
haplotype groups. Importantly, the mitochondrial and nuclear
data of the 12 genetically/geographically mismatched individuals
were consistent, indicating no hybridization between individuals
from the different cluster/haplotype groups. Therefore, we
conclude that in China there are three P. sita lineages (i.e., PS-A,
PS-B, and PS-C) that are substantially genetically diverged from
one another. There are already two P. sita subspecies reported
in China, P. s. sita in southwestern China and P. s. niphonica
on Taiwan Island (Chou, 1994). Altogether and based on the
sampling regions, we conclude that PS-C is P. s. niphonica and
there are two lineages in P. s. sita.

Combining molecular data and morphological features can
provide more powerful taxonomic evidence than either type of
data alone (Caesar et al., 2006; Warren et al., 2009; Hu et al.,
2018). Genitalia structures are important diagnostic characters in
insect taxonomy, and those structures differed greatly among PS-
A, PS-B, and PS-C (Figure 4). Therefore, based on both molecular
divergence and genitalia differences, we can justifiably conclude
that PS-A, PS-B, and PS-C lineages are actually three species.
According to the published structures of male P. sita genitalia
(Lang, 2012), PS-A’s male genitalia is identical to that of P. s. sita.
The distribution range of PS-A is almost the same as that of P. s.
sita, further supporting that PS-A is P. s. sita. However, the male
genitalia of PS-B is identical to that of P. pedonga. P. pedonga
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had been classified as P. sita until Fujioka (1970) recognized it as
a new species based on differences in male genitalia. According
to Fujioka (1970) description, P. pedonga and P. sita appear
greatly similar, except that the black patch of the male sex brand
on P. pedonga’s hind wing does not extend beyond the fold in
cuy space, whereas it goes beyond Cu, vein in P. sita (Zhang
et al., 2008). Here, we found a contradictory result: The black
patches of all PS-B males go beyond Cu, vein. Fortunately,
we collected a sample that had been identified as P. pedonga
based on the position of its black patch. Through sequencing
and microsatellite genotyping, its COI haplotype belonged to
HapB, and its microsatellite genotypes were clustered in Cluster2,
thus indicating that this P. pedonga individual belongs in PS-B.
Therefore, we reasonably conclude that PS-B is P. pedonga, no
matter the extent of the black patch. Possibly, Fujioka (1970)
described only those specimens with smaller black patches as
P. pedonga.

Judging from our molecular and morphological evidence
(especially the genitalia characters), we tentatively propose that
P. sita is actually a species complex of three species: PS-A (the
former P. s. sita) should be the typical Parantica sita [Kollar,
(1844)], distributed mainly in southwestern China; PS-C (the
former P. s. niphonica) should be elevated to full species as
Parantica niphonica (Moore, 1883), distributed in Taiwan Island
and Japan; and PS-B should be recognized as Parantica pedonga

¥ =0.0074x - 0.013 -

2Ee R?=0.0649

0.020

0.010 o =

0.000
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FIGURE 7 | Results of Mantel tests of genetic distance vs. geographical

distance of the populations of Parantica sita lineages: PS-A and PS-B.

Fujioka, 1970, mainly distributed in Tibet and western Sichuan.
Table 3 summarizes the distinguishable characters for those three
species. The wing colors and scale types of the male sex brand can
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be used to easily identify most specimens, but not all. However,
the significant differences in both genitalia structures and COI
sequences among these three species may be used for effective
species identification.

Evolutionary History and Related

Geological Events

Both PS-A and PS-B are distributed in southwestern China with
PS-A mainly in Yunnan, Guizhou, Chongging, and northern
Sichuan, and PS-B in Tibet and western Sichuan (Figure 1B).
The Hengduan Mountains extend north to south through this
region, and the PS-A distribution range covers the eastern side
of the Mountains and Tibet to the west. PS-A’s separation from
PS-B + PS-C at about 8.79 Ma (Figure 6) correlates highly
with the appreciable increase in the Hengduan Mountains’
elevation about 8 (£3) Ma (Molnar et al., 1993; Mulch and
Chamberlain, 2006). Based on our gene flow analysis results,
PS-A is the ancestor of P. sita because asymmetric gene flow
always occurs from ancestral to daughter populations/species

(Cheng et al., 2019; Figure 5). Also, more haplotypes in PS-
A than PS-B support PS-A as the ancestor. As the Hengduan
Mountains rose, the Tibet population was completely isolated
from the others and consequent speciation occurred. The
PS-B populations in western Sichuan may have originated
from a recent dispersal of the Tibet population across the
Hengduan Mountains. We also found some PS-B individuals
in the valleys of the Hengduan Mountains. Higher mountains
in this region may impede gene flow among geographical
populations, so there is isolation by distance in the PS-
B populations (Figure 7). Similarly, those individuals with
“mismatched” distribution ranges likely originated from a
recent dispersal.

The PS-B and PS-C lineages separated about 4.87 Ma, soon
after the formation of Taiwan Island and concomitant formation
of mountains on the Island. The formation resulted from the
collision of the Eurasian and Philippine plates about 4-5 Ma
(Teng, 1990; Huang et al., 1997). After formation, Taiwan Island
underwent repeated connection to and separation from Mainland
China during Pleistocene glaciations (Teng, 1990; Huang et al.,
1997), so the population/species in Taiwan Island appeared
closely related to those in Mainland China, especially those
neighboring the Taiwan Strait (Long et al., 2006; Liu et al., 2021).
However, PS-C is more closely related to PS-B, the Tibet and
western Sichuan populations, rather than PS-A. This implies that
the PS-C ancestors did not originate from PS-A and migrate
to Taiwan Island through a land bridge. That is likely possible
because an extensive plain in eastern China effectively separates
the southwestern China populations from Taiwan Island because
P. sita tends to occur in areas with 1,000-3,000 m elevations
(Lu et al., 2020). The potential migration shortcut for the PS-C
ancestors may have been southward from Tibet into the Indo-
China Peninsula, and then eastward into Taiwan Island. However,
since three subspecies (i.e., P. s. ethologa, P. s. oblita, and P. s.
melanosticta) live in the Indo-China Peninsula, Malaysia, and
the Philippines, PS-C may have originated from one of those
subspecies instead of from PS-B. To clarify PS-C’s evolutionary
history, those three subspecies must be included in a future
investigation; and since P. luzonensis was mixed into P. sita

TABLE 3 | Summary of the distinguishing characters for the Parantica sita lineages: PS-A, PS-B, and PS-C.

PS-A

PS-B PS-C

Color of discal cell of wings transparent
Ratio of long hairy scales and short

round scales in male sex brand

Approximately 1:1

Male genitalia
Distance of socii Narrow
Valve Broad
Saccus Bent smoothly
Blunt projection at valve margin Absent
Female genitalia
Papillae anales Shorter
Signum granules Large
Ductus bursae Longer
COl haplotype HapA

whitish
The majority are short

transparent
The majority are long hairy

scales round scales
Broadest Broad
Narrow Broad

Bent upward Bent smoothly

Absent Present
Longer Short
Larger Small
Shorter Long
HapB HapC

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2022 | Volume 10 | Article 846499


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Hu et al.

Butterfly Speciation

clades in a phylogenetic analysis (Zhang et al., 2022), it should be
included as well.

Whatever the ancestors of PS-C are, it most likely arose from
a small number of colonizers, thus leading to a founder effect,
which explains the lower genetic diversity of PS-C on Taiwan
Island than for the mainland species. On the other hand, PS-
C’s (P. s. niphonica) seasonal, annual migration between Japan
and Taiwan Island (Kanazawa et al., 2012; Cheng et al., 2015)
likely causes high mortality that could undermine both effective
population size and, consequently, high genetic diversity.

Notably, although they diverged about 8.79 Ma, PS-A and
PS-B appear morphologically similar, whereas the appearances
of PS-C are distinguishable from them. Possibly, because both
PS-A and PS-B live in mountainous regions, they may have
been under similar selection pressures that resulted in similar
appearances as the two lineages adapted to similar ecological
conditions. However, PS-C lives in oceanic islands and not
mainland mountains, so it had to adapt to different selective
pressures that likely resulted in an appearance different from its
mainland congeners. To explore these hypotheses, a future study
should thoroughly investigate the genes that are under natural
selection in the P. sita genome. Genomics analysis is also needed
to clarify the evolutionary history of the genus Parantica.
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