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Global climatic oscillations during the Qua- ternary significantly impacted the distribution of 
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The temperate grassland plant group known as the ‘Mansen elements’ is widely distributed across the 
grasslands of East Asia, including Japan. It has been hypothesized that these plants originated in conti-
nental regions of East Asia and migrated to Japan during the Quaternary period. However, their origins 
and migration history remain insufficiently elucidated. In this study, we attempted to infer the phylogeo-
graphic history of Potentilla discolor, a Mansen element member, using single nucleotide polymorphism 
(SNP) analysis via multiplexed inter-simple sequence repeat genotyping by sequencing (MIG-seq) and 
ecological niche modeling (ENM). The MIG-seq data revealed distinct genetic differentiation between 
the Japanese and continental populations. Demographic history analysis suggested that initial diver-
gence likely occurred on the East Asian continent. This finding supports the hypothesis of a continental 
origin for P. discolor. In contrast, chloroplast DNA analysis, commonly used in traditional phylogeo-
graphic studies, failed to reveal genetic differentiation between the Japanese and continental populations 
observed in the SNP-based analyses and provided limited phylogeographic information. ENM analysis 
predicted that during the Last Glacial Maximum, suitable habitat for P. discolor extended continuously 
from central China to the Pacific coast of Japan via the exposed continental shelf of the East China Sea, 
suggesting the possibility that this species was introduced to Japan via that route.
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numerous plant species on a global scale. Al-
though East Asia was primarily free of ice sheets 
during the last glacial period (approximately 
115,000–12,000 years ago) (Shi et al. 1986, 
Batchelor et al. 2019), climatic oscillations dur-
ing the Quaternary influenced the distribution of 
vegetation in the region (Axelrod et al. 1996, 
Harrison et al. 2001, Qiu et al. 2011). The histori-
cal vegetation dynamics have been traditionally 
investigated through studies of pollen (Tsukada 
1983, Yasuda & Miyoshi 1998, Ooi 2016) and 
plant macrofossils (Momohara 2016, 2018), both 
of which have been crucial in reconstructing re-
gional vegetation histories. In recent decades, 
phylogeographic studies using molecular data 
have become increasingly common, allowing 
more detailed reconstructions of the origins of 
species or populations and migration histories 
through phylogenetic and population structure 
analyses (Avise 2000, 2004). The advent of next-
generation sequencing (NGS) has further facili-
tated the acquisition of genome-wide single nu-
cleotide polymorphism (SNP) data, which has 
greatly advanced demographic studies of popula-
tions (McCormack et al. 2013, Sakaguchi et al. 
2018, Lu et al. 2020, Joyce et al. 2021, Magota et 
al. 2021, Sata et al. 2021, Sakaba et al. 2023, Ku-
rata et al. 2024, Murakami et al. 2024). These de-
velopments have significantly enhanced our un-
derstanding of the distribution of plant species 
and their historical changes.

The Japanese Archipelago, located at the east-
ern edge of the Asian continent and stretching ap-
proximately 3,000 km from northeast to south-
west, encompasses a wide range of climatic zones 
from subarctic to subtropical. Under these di-
verse climatic conditions, the archipelago is in-
habited by approximately 5,600 species of vascu-
lar plants, demonstrating relatively high species 
diversity and endemism (Union of Japanese Soci-
eties for Systematic Biology 2003, Sabatini et al. 
2022). The flora of Japan is closely related to that 
of the Asian continent and is classified as part of 
the Sino-Japanese Floristic Region, reflecting 
similarities in floral composition across East Asia 
(Takhtajan 1969, Good 1974). Recent phylogeo-
graphic studies have elucidated historical con-

nections between the Japanese Archipelago and 
the Asian continent across various plant groups, 
including alpine species (Fujii et al. 1997, Ikeda 
et al. 2014), deciduous trees (Sakaguchi et al. 
2012, Zeng et al. 2015), evergreen broad-leaved 
trees (Lee et al. 2013), and species exhibiting rel-
ict disjunct distributions (Li et al. 2008, Qiu et al. 
2009, Qi et al. 2014, Sakaguchi et al. 2021). Many 
of those studies suggested that the Japanese flora 
is primarily related to the Asian continent, with 
evidence of vicariance between the Japanese and 
continental populations. However, those studies 
have not sufficiently addressed the question of 
whether the origin of certain plant species lies on 
the continent or within Japan itself, leaving this 
issue unresolved. Notably, some studies propose 
a Japanese origin for specific species, rather than 
a continental one (Ikeda et al. 2018, 2020, Kurata 
et al. 2022, Xia et al. 2022).

Many temperate grassland plants in Japan are 
widely distributed across northeastern China, Far 
East Russia, and the Korean peninsula. Within 
Japan, however, those species are primarily in the 
temperate southwestern regions and are largely 
absent from the northernmost island of Hokkaido 
(Koidzumi 1931, Hotta 1974, Murata 1988). Koid-
zumi (1931) referred to such native Japanese 
plants, which exhibit this distribution pattern, as 
“Mansen elements,” named after the Japanese 
terms for Manchuria and Korea. Those plants are 
also sometimes described as “continental grass-
land relicts” (Ushimaru et al. 2018), based on 
their limited distribution in Japan. Early phyto-
geographic studies hypothesized that species of 
the Mansen element originated on the Asian con-
tinent and migrated to the Japanese Archipelago 
via the Korean peninsula during the cold climates 
of the Pleistocene (Kitamura 1957, Hotta 1974, 
Murata 1977, 1988, Tabata 1997). Furthermore, 
given the small morphological differences in the 
Mansen element species between the continental 
and Japanese populations, their migration pre-
sumably occurred during the recent cool, dry pe-
riod (Murata 1977, 1988). However, phylogeo-
graphic studies specifically targeting the Mansen 
elements remain limited. Further research is 
needed to obtain a more detailed understanding 
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of their origin and migration history.
Recent phylogeographic analyses of the Man-

sen elements, using SNP data generated by next-
generation sequencing, have been conducted on 
Viola orientalis (Maxim.) W. Becker (Violaceae) 
(Sata et al. 2021) and Tephroseris kirilowii (Tur-
cz. ex DC.) Holub (Asteraceae) (Sakaba et al. 
2023). Those studies offered new insights into the 
origins and diversification of those elements. The 
analysis of V. orientalis suggested that migration 
from the continent to Japan occurred during the 
Last Glacial Maximum (LGM), supporting the 
hypothesis of a continental origin for the Mansen 
elements. In contrast, the study of T. kirilowii re-
vealed clear genetic differentiation between Japa-
nese and continental populations, making it dif-
ficult to determine the phylogenetic origin of the 
Japanese populations. Those findings indicated 
that the Mansen elements may include not only 
species of continental origin but also those with 
distinct diversification histories. While the hy-
pothesis of a continental origin is partially sup-
ported, the evolutionary and differentiation pro-
cesses of individual Mansen element species like-
ly reflect variability. Thus, refining the hypothe-
sis regarding the origin and diversification of the 
member species will require further research.

In this study, Potentilla discolor Bunge (Ro-
saceae), a representative Mansen element species 
recognized by Hotta (1974) and Murata (1988), 
was selected as the target species. Potentilla dis-
color is a small perennial herb of sunny grass-
lands and dry meadows. Its distribution ranges 
from southwestern to northeastern China, the 
southern Primorsky region of Russia and the Ko-
rean Peninsula (Fig. 1). In Japan, its range is lim-
ited to Kyushu, Shikoku and the western part of 
Honshu (west of Aichi Prefecture) (Naruhashi 
2001, Ikeda 2016). Due to the loss of grasslands, 
P. discolor is classified as Vulnerable (VU), with 
only small, isolated populations remaining (Min-
istry of the Environment Japan 2015). Species of 
Potentilla with a corolla resembling that of P. dis-
color are known to be entomophilous, employing 
honeybees, wasps, and bumblebees as pollinators 
(McIver & Erickson 2012). Although the achenes 
of P. discolor are ovoid and small (ca. 1 mm in 

length along the long axis, Ikeda 2016), they are 
considered gravity-dispersed because they lack 
appendages for wind dispersal. The chromosome 
number of P. discolor, 2n = 14 (Naruhashi 1970), 
is considered to be diploid with a basic chromo-
some number of 7 (Delgado et al. 2000), making 
it advantageous for population genetic analysis. 
Given these characteristics, it is an appropriate 
model species for testing hypotheses related to 
the origins and migration history of the Mansen 
elements.

This study aimed to test hypotheses regarding 
the origins and migration history of the Mansen 
elements, using Potentilla discolor as a model 
species. We analyzed the phylogenetic relation-
ships, genetic structure, and demographic history 
of populations of P. discolor based on SNP data 
obtained through multiplexed inter-simple se-
quence repeat genotyping by sequencing (MIG-
seq). Additionally, we investigated geographic 
variation in chloroplast DNA (cpDNA), a marker 
commonly used in traditional phylogeographic 
studies, and compared the results with those de-
rived from the SNP analyses. Ecological niche 
modeling (ENM) was used to estimate the poten-
tial distribution of P. discolor during the most re-
cent glacial period (LGM, approximately 21,000 
years before present (BP)). By integrating the da-
tasets, we evaluated the origin and migration his-
tory of P. discolor. Our study has provided im-
portant insights into the formation processes of 
the grassland flora in East Asia.

Materials and Methods

Plant materials and DNA extraction
A total of 303 individuals from 22 popula-

tions (p1–p22) of Potentilla discolor were used in 
the present analyses (Fig. 1, Table 1). Among the 
samples, 264 individuals from 19 populations 
were selected for MIG-seq analysis; 237 individ-
uals from 22 populations were utilized for cpD-
NA analysis. Populations p3 and p13 were exclud-
ed from the MIG-seq analysis due to insufficient 
sample size. Furthermore, population p9 was ex-
cluded due to its geographic proximity to p10, 
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table 1.   The materials and their sources analyzed for MIG-seq and cpDNA variations.
Population code and 
taxon Locality and voucher  No. of plants

MIG-seq cpDNA
Potentilla discolor Bunge 
   Japan

p1 Miki-shi, Hyogo, Honshu, N. Fujii F03471 (KUMA) 16 15
p2 Kato-shi, Hyogo, Honshu, N. Fujii & K. Niki F03465 (KUMA) 15 13
p3 Himeji-shi, Hyogo, Honshu, H. Ono F03464 (KUMA) 0 1
p4 Awaji-shi, Hyogo, Honshu, M. Yokogawa July 23, 2018 (HYO) 8 6
p5 Shuhou-cho, Yamaguchi, Honshu, Y. Ota & K. Niki F03475 (KUMA) 16 13
p6 Kitakyusyu-shi, Fukuoka, Kyushu, N. Fujii et al. F03460 (KUMA) 15 16
p7 Fukuoka-shi, Fukuoka, Kyushu, N. Fujii & K. Niki F03473 (KUMA) 13 10
p8 Nakatsu-shi, Oita, Kyushu, N. Fujii et al. F03461 (KUMA) 13 15
p9 Usa-shi, Oita, Kyushu, N. Fujii et al. F03552 (KUMA) 0 10
p10 Usa-shi, Oita, Kyushu, N. Fujii et al. F03551 (KUMA) 14 2
p11 Oita-shi, Oita, Kyushu, N. Fujii & K. Niki F03474 (KUMA) 15 10
p12 Kunitomi-cho,  Miyazaki, Kyushu, N. Fujii et al. F03462 (KUMA) 14 16
p13 Kunitomi-cho,  Miyazaki, Kyushu, N. Fujii et al. F03463 (KUMA) 0 1
p14 Kushima-shi,  Miyazaki, Kyushu, N. Fujii et al. F03547 (KUMA) 16 10

   South Korea
p15 Miryang, Gyeongsangbuk-do, N. Fujii F03479 (KUMA) 11 11
p16 Yeongcheon, Gyeongsangbuk-do, N. Fujii F03478 (KUMA) 15 14
p17 Gangneung, Gangwon-do, N. Fujii F03480 (KUMA) 15 14

   Russia
p18 10km west of Ussuriysk, Primorsky Krai, N. Fujii et al. F03468 (KUMA) 12 13
p19 20km northwest of Ussuriysk, Primorsky Krai, N. Fujii et al. F03466 (KUMA) 16 15
p20 55km northwest of Ussuriysk, Primorsky Krai, N. Fujii et al. F03467 (KUMA) 13 17

   China
p21 Daqing, Heilongjiang Prov., H. Wang F03553 (KUMA) 15 5
P22 Wuhan, Hubei Prov., T. Feng & H. Wang F03545 (KUMA) 12 10

Total 264 237
Outgroup
Potentilla chinensis Ser.

Yeongweol, Gangwon-do, South Korea, N. Fujii F03482 (KUMA) 1 1

Fig. 1. Distribution map of Potentilla discolor and collection sites (p1–p22) of material used in this study. The ap-
proximate distribution range of P. discolor is depicted in gray.
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which may have resulted in redundancy. In each 
population, leaf samples were collected from in-
dividuals as far apart as possible and stored with 
silica gel beads. We also collected a sample of  
Potentilla chinensis Ser. from South Korea to 
serve as an outgroup. Outgroup selection was 
based on a molecular phylogenetic study that ana-
lyzed both chloroplast and nuclear DNA regions 
(Feng et al. 2017). That study demonstrated that 
P. discolor and P. chinensis were closely related 
species in the same Argentea clade. Voucher 
specimens collected during our study have been 
deposited in the herbarium of the Faculty of Sci-
ence, Kumamoto University (KUMA), and the 
Museum of Nature and Human Activities, Hyogo 
Prefecture (HYO).

The sampled leaves were ground into a fine 
powder using a mixer mill (Multi-Beads Shocker 
MB455U, Yasui Kikai Corp., Osaka, Japan). Pri-
or to DNA extraction, the samples were resus-
pended in the wash buffer described by Wagner 
et al. (1987) to remove polysaccharides; the wash-
ing procedure was performed twice. Total ge-
nomic DNA was extracted from the washed pel-
lets using the cetyltrimethylammonium bromide 
(CTAB) method as described by Doyle and Doyle 
(1987).

MIG-seq analysis
A library for MIG-seq analysis was prepared 

using a slightly modified protocol (Suyama et al. 
2022) from the original method by Suyama & Mat-
suki (2015). The first polymerase chain reaction 
(1st PCR) was performed with an annealing tem-
perature of 38°C to enhance amplicon yield. Then, 
using a MiSeq Reagent Kit v.3 (150 cycles, Illu-
mina), the library was sequenced on an Illumina 
MiSeq Sequencer, without ‘DarkCycle’ option (Il-
lumina, San Diego, CA, USA). Next, using a 
FASTX Toolkit (http://hannonlab.cshl.edu/fastx_ 
toolkit/), we removed low quality reads (q = 30,  
p = 40). To eliminate reads derived from extremely 
short library entries, we filtered out those contain-
ing adapter sequences using TagDust v.2.2 (Lass-
mann et al. 2009). The ‘ustacks,’ ‘cstacks,’ and 
‘sstacks’ modules of Stacks v.1.48 software 
(Catchen et al. 2013) were utilized to detect SNPs 

in the quality-filtered reads with the following 
parameter settings: maximum distance (in nucle-
otides) allowed between stacks (M = 2), mini-
mum depth of coverage required to create a stack 
(m = 3), and maximum distance allowed to align 
secondary reads to primary stacks (N = 4). The 
‘populations’ module in Stacks was used to query 
SNPs with the following filtering settings (R = 
0.1, --min-mac = 3, --max-obs-het = 0.6). The R 
parameter specifies the minimum percentage of 
individuals across populations required to pro-
cess a locus. After the Stacks procedure, the data-
set was filtered using TASSEL v.5 (Bradbury et 
al. 2007) as the following setting (Site Min Count 
= 80, Site Min Allele Freq = 0.01), and one indi-
vidual in the Russian population (p20_6) with 
highly missing rate was excluded from the data-
set. To avoid over-filtering of the SNP dataset for 
phylogenetic analysis, we followed the guidelines 
of Suissa et al. (2024). SNP retention was adjust-
ed to a moderate level, retaining SNPs found in 
45–75% of individuals. We converted the VCF 
file to a PHYLIP matrix using vcf2phylip.py (Or-
tiz 2019) and removed invariant sites using rax-
ml_ascbias (https://github.com/btmartin721/raxml_ 
ascbias), resulting in a dataset of 264 individuals, 
including one outgroup sample, with a total of 
3,566 SNPs [genotyping rate (proportion not 
missing): 58.9%] (Dataset 1). This dataset was 
used for phylogenetic and network analyses.

For evaluation of genetic diversity, genetic 
structure and population demographic analyses, 
the ‘ustakcs’ and ‘populations’ modules in Stacks 
were used to query SNPs with the following fil-
tering settings (ustacks: M = 2, m = 3, N = 4; pop-
ulations: R = 0.5, --min-mac = 3, --max-obs-het = 
0.6, --write-random-snp). After the Stacks proce-
dure, the dataset was filtered using TASSEL v.5 
as the following setting (Site min count = 159, 
Site Min Allele Freq = 0.01), and the outgroup 
sample (P. chinensis) and one individual in the 
Russian populations (p20_6) with highly missing 
rate were excluded, resulting in a dataset com-
prising 825 SNPs across 263 individuals. Outlier 
loci were removed using the R package pcadapt 
v.4.3.5 (Privé et al. 2020) in R v.4.3.2 (R Core 
Team 2023), with parameters set to K = 5 and  
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q-value < 0.01. Finally, the dataset consisted of 
812 SNPs from 263 individuals, with a genotyp-
ing rate of 79.9% (Dataset 2). MIG-seq data are 
available in the International Nucleotide Se-
quence Database Collaboration (INSDC) Se-
quenced Read Archive under accession numbers 
DRR415804–DRR416068.

Data analysis based on MIG-seq data
The genetic diversity parameters of the mean 

number of different alleles per locus (Na), mean 
number of different alleles unique to a single pop-
ulation per locus (PA), mean number of locally 
common alleles per locus found in 25% or fewer 
populations (LCA), observed heterozygosity (HO), 
expected heterozygosity (HE), and unbiased ex-
pected heterozygosity (uHE) were calculated for 
each population by GenAlEx v.6.501 (Peakall & 
Smouse 2012). Input files for GenAlEx were pre-
pared by converting the post-pcadapt output to 
Genepop format via PGDspider v.2.1.1.5 (Lischer 
& Excoffier, 2012). The parameter of allelic rich-
ness (AR) (el Mousadik & Petit 1996) and fixation 
index (FIS) for each population, along with their 
95% confidence intervals, were estimated with 
9,999 bootstraps using the R package diveRsity 
v.1.9.90 (Keenan et al. 2013). Additionally, Har-
dy-Weinberg Equilibrium (HWE) was tested for 
each population using an exact test implemented 
in the same R package. For the statistical test of 
differences between Japanese and continental 
populations, the PA, LCA, AR, HE, and uHE pa-
rameters were calculated for each locus in each 
population using the R package diveRsity v.1.9.90. 
To examine differences in each parameter be-
tween Japanese and continental populations, gen-
eralized linear mixed model (GLMM) analyses 
were conducted. Random effects were assigned 
to locus names, and distributions were applied as 
follows: a Poisson distribution for PA and LCA 
and a normal distribution for the remaining pa-
rameters. The analyses were performed using the 
R package lme4 v.1.1 (Bates et al. 2015). 

We also conducted a molecular variation anal-
ysis (AMOVA) in Arlequin v.3.5.1.2 (Excoffier & 
Lischer 2010) to examine variation within and 
among populations. The hierarchy for that analy-

sis was chosen based on the clustering from the 
STRUCTURE analysis. The significance of the 
covariance components associated with the dif-
ferent possible levels of genetic structure was 
tested using 1,023 permutations.

Phylogenetic trees were reconstructed using 
the maximum likelihood (ML) method imple-
mented in RAxML v.8.2.12 (Stamatakis 2014) via 
the raxmlGUI v.2.0.10 interface (Edler et al. 
2020). Since the dataset used in this study con-
sisted of concatenated SNP data, a model selec-
tion analysis was not performed. Instead, the nu-
cleotide substitution model was set to GTRGAM-
MA with correction for ascertainment bias 
(-model GTR+G+ASC_LEWIS), as this model is 
commonly used in phylogenetic studies and suit-
able for concatenated SNP datasets (Leaché et al. 
2015). Branch support values were assessed with 
1,000 bootstrap resamplings. The resulting phy-
logenetic tree was visualized using FigTree v.1.4.4 
(Rambaut 2009) and rerooted with the outgroup 
sample P. chinensis.

We used STRUCTURE v.2.3.4 (Pritchard et 
al. 2000) to infer population genetic structure ac-
cording to the admixture model with the allele 
frequency correlated model (Falush et al. 2003). 
The input file for STRUCTURE was prepared by 
converting the pcadapt-processed file into 
STRUCTURE format. Both the burn-in period 
and the number of MCMC repetitions after the 
burn-in period were set to 100,000. We assumed 
between 1 and 15 clusters (K), with 15 indepen-
dent simulations for each K. To determine the op-
timal K value, we used STRUCTURE HAR-
VESTER v.0.9.94 (Earl & Vonholdt 2012), which 
evaluates the log probability of the data [LnP(D)] 
and ΔK (delta K) based on the rate of change in 
[LnP(D)] between successive K values (Evanno 
et al. 2005). The online version of CLUMPAK 
v.1.1 (http://clumpak.tau.ac.il/index.html, Kopel-
man et al. 2015) was used to summarize the re-
sults from all runs and to generate representative 
bar plots for each K value. Additionally, we calcu-
lated the expected heterozygosity and FST values 
within each cluster using STRUCTURE. The FST 
values for each cluster represent the degree of ge-
netic drift from a common ancestral population, 
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analogous to traditional FST values between clus-
ters and their shared ancestral population 
(Pritchard et al. 2010).

For network analysis, pairwise genetic dis-
tances were calculated as binary Genetic Dis-
tances (GD) among individuals using TASSEL 
v.5. A phylogenetic network using the Neighbor-
Net method (Bryant & Moulton 2004) was recon-
structed using SplitsTree v.4.10 (Huson & Bryant 
2006) on the basis of the calculated GD.

To infer the demographic history for Potentilla 
discolor using observed SNP variation, we em-
ployed explicit model comparisons in the pro-
gram DIYABC-RF v.2.1.0 (Collin et al. 2021). 
DIYABC-RF integrates Approximate Bayesian 
Computation (ABC) with supervised machine 
learning based on Random Forests (RF) to evalu-
ate alternative evolutionary scenarios. This ap-
proach effectively integrates the strengths of 
ABC and Random Forests, enabling precise mod-
el selection and enhanced handling of complex, 
high-dimensional datasets. As a first step, consid-
ering the genetic structure revealed by STRUC-
TURE and NeighborNet analyses, we classified 
the 19 studied populations into five regional pop-
ulation groups: Pop1, three Japanese populations 
(p1, p7, p14): Pop2, South Korean populations 
(p15–p17): Pop3, Far East Russian populations 
(p18–p20): Pop4, Chinese Heilongjiang popula-
tion (p21): Pop5, Chinese Hubei population (p22). 
In Pop1, the three populations were selected 
based on the results of phylogenetic analyses to 
minimize sample size bias. Using Dataset 2, we 
excluded all missing SNPs across individuals 
within each group, resulting in a final dataset 
comprising 11 populations, 153 individuals and 
732 SNPs (genotyping rate: 68.2%).

Considering the phylogenetic tree estimated 
by RAxML analysis, the population genetic 
structure detected by STRUCTURE and Neigh-
borNet analyses and the results of multiple pre-
liminary ABC-RF analyses under various demo-
graphic scenarios, we proposed eight scenarios 
(Scenarios 1–8) to estimate the demographic his-
tories (Fig. S1). These scenarios were character-
ized by several demographic parameters, includ-
ing divergence times in generation (t1–t4) and ef-

fective population sizes for Pop1–Pop5 (N1–N5) 
and ancestral populations (Na1–Na3, and Nanc). 
Scenarios 1–4 assume that the Hubei population 
(Pop5) diverged first from the others, with differ-
ent orders among subsequent populations in each 
scenario. In contrast, Scenarios 5–8 assume that 
the Heilongjiang (Pop4), Far East Russian (Pop3), 
South Korean (Pop2), and Japanese (Pop1) popu-
lations diverged first from the others, respective-
ly. Scenarios 1, 2, 4, 5, and 6 posit that the initial 
divergence occurred in the continental region be-
fore the populations reached Japan. Scenario 3 
assumes an initial divergence between the central 
Chinese and Japanese populations, while Scenar-
ios 7 and 8 propose that the initial divergence oc-
curred between the Japanese and South Korean 
populations. Training sets included 100,000 data-
sets per scenario for the scenario choice and 
100,000 datasets under a given scenario for pa-
rameter estimation steps, as recommended by 
Collin et al. (2021). Prior parameters for diver-
gence times and effective population sizes were 
set as uniform distribution from 100 to 200,000. 
The posterior probability as well as the global and 
local error rates were used to evaluate scenario 
choice and the quality of prediction (Collin et al. 
2021). We estimated the posterior distributions of 
demographic parameters under the best scenario 
and the precision of each parameter estimation by 
computing the posterior mean, median, and 90% 
credibility intervals (defined as the 5% and 95% 
quantiles) for each parameter (Raynal et al. 2019).

In the second-step analysis, we performed  
DIYABC-RF focused on the Japanese popula-
tions of P. discolor to estimate their demographic 
history. Considering the genetic structure in 
STRUCTURE and NeighborNet analyses, and 
the phylogenetic relationships of the ML tree, we 
classified the 11 studied populations into three re-
gional population groups: Pop1, the Hyogo popu-
lations (p1, p2, p4); Pop2, the northern Kyushu to 
Yamaguchi population (p5, p6, p10, p11); Pop3, 
the Miyazaki populations (p12, p14). The north-
ern Kyushu populations P7 and P8 were excluded 
from this analysis to avoid the complications of 
estimating complex scenarios due to their mixed 
genetic origins (Figs. 2–4). On the other hand, 
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samples from three South Korean populations 
(P15–17) were included as a reference group 
(Pop4). For this analysis, a dataset consisting of 
573 SNPs from 170 individuals across 12 popula-
tions was constructed from Dataset 2. Consider-
ing the topology of the phylogenetic tree and the 
results of several preliminary ABC analyses us-
ing different demographic models, we estimated 
the demographic history under three scenarios 
(Scenarios A–C). (Fig. S2). Those scenarios were 
characterized by 10 demographic parameters, in-
cluding divergence times in generations t1–t3, ef-
fective population sizes of Pop1–Pop4 (N1–N4) 
and the ancestral populations (Na1, Na2, Nanc). 
Scenario A assumes the initial divergence of the 
Hyogo populations located in the mid-western 
Honshu from the other populations, while Sce-
nario B posits the earliest divergence of the Mi-
yazaki populations in southern Kyushu. Scenario 
C, on the other hand, assumes a scenario in which 
the ancestor of Japanese population diverged al-
most simultaneously into three distinct groups. 
Prior parameters of divergence times and effec-
tive population sizes were set as uniform distri-
bution from 100 to 100,000. Model choice and pa-
rameter estimation were performed under the 
same conditions as in the first-step analysis.

Direct sequencing analysis of cpDNA
The 5′-terminal region of trnK (including a 

portion of matK) in cpDNA was sequenced. In 
preliminary experiments involving three other 
cpDNA regions [trnL–trnF (Taberlet et al. 1991), 
rpl16 intron (Jordan et al. 1996), and trnS–trnG 
(Shaw et al. 2005)], this region was found to be 
the most variable. The 5′-terminal region of trnK 
was amplified by PCR using the primers trnK11 
and matK510R (Young et al. 1999). The 25 μL 
PCR reaction mixture contained the following re-
agents: 50–100 ng of template DNA, 2.5 μL of 
10×PCR buffer, 0.2 mM of each deoxyribonucle-
otide, 2.0 mM of MgCl2, 0.4 μM of each primer, 
and 0.5 U of ExTaq DNA polymerase (Takara Bio 
Corporation, Tokyo, Japan). Initial denaturation 
was performed for 3 min at 94 °C, followed by 30 
cycles of denaturation at 94 °C for 1 min, primer 
annealing at 53 °C for 1 min, and extension at 72 

°C for 2 min. The reactions were then extended 
by 7 min at 72 °C. After the PCR reaction, Illus-
tra ExoProStar (GE Healthcare, Tokyo) was uti-
lized to remove the excess primer and nucleotide. 
The same primers (final concentration 9.6 pM) 
were used for sequencing analyses to read in both 
directions. The sequencing of DNA was contract-
ed out to Eurofins Genomics Corp. (Tokyo, Ja-
pan). The obtained nucleotide sequences were ed-
ited with ChromasPro v.1.7.6 (www.technelysi-
um.com.au/ChromasPro.html) and aligned with 
MEGA v.10.1.8 (Kumar et al. 2018).

Data analyses using cpDNA sequences
DnaSP v.6.12.01 (Rozas et al. 2017) was used 

to determine cpDNA haplotypes based on the 
5′-terminal region of trnK. In this analysis, only 
nucleotide substitutions were used to distinguish 
haplotypes and insertions/deletions (indels) were 
excluded. Haplotype diversity (Hd) and nucleo-
tide diversity (π) were estimated among the Japa-
nese populations and the continental populations 
using DnaSP. Populations with small sample siz-
es (p3, p10, and p13) were excluded from the anal-
ysis, and data from 233 individuals across 19 
populations were used. To compare the genetic 
differentiation between Japanese and continental 
populations, FST values were calculated using Ar-
lequin v.3.5.1.2. Additionally, a median-joining 
(MJ) network among the haplotypes was con-
structed using Network v.5.0.1 (Bandelt et al. 
1999). The nucleotide sequence data were depos-
ited in the DDBJ/GenBank/EMBL databases un-
der accession numbers LC624803–LC624817.

ENM analysis
ENM was performed to evaluate the potential 

distribution of P. discolor under present climatic 
conditions and to project its range back to the 
LGM (ca. 21,000 years BP). Occurrence data for 
this species were obtained from Global Biodiver-
sity Information Facility (GBIF) (GBIF.org. 
2021), and were filtered to include samples col-
lected after 1950, with voucher specimens, and 
latitude and longitude information (https://doi. 
org/10.15468/dl.vysprd). The geographic range 
for this analysis was defined as 90–150°E and 
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15–60° N, based primarily on data from the GBIF 
database, supplemented by additional botanical 
references and online resources including 
Yakubov (1996), Oh & Pak (2001), Gu et al. 
(2003), Naruhashi (2001), the Science Museum 
Net (http://science-net.kahaku.go.jp/), and the 
China Virtual Herbarium (https://www.cvh.ac. 
cn/). The initial dataset, consisting of 949 occur-
rence records with voucher specimens, was rar-
efied using a 100 km distance filter with the R 
package spThin v.0.2.0 (Aiello-Lammens et al. 
2015) to reduce spatial autocorrelation, resulting 
in 77 records for the present ENM simulations.  
A set of 19 bioclimatic variables at 2.5 arc-min 
resolution for the world under current conditions 
(1970–2000) was downloaded from WorldClim 
v.2.1 (www.worldclim.org; Fick & Hijmans 
2017). Raster files of climate data within the 
study range were extracted using QGIS v.3.2.4 
(QGIS Development Team 2022). Highly corre-
lated variables (R > 0.8) were eliminated to pre-
vent overfitting, using the R package ENMTools 
v.1.0.4 (Warren et al. 2021). Additionally, the 
variance inflation factor (VIF) was calculated us-
ing the R package usdm v.2.1-7 (Naimi et al. 
2013, Naimi, 2017) to evaluate multicollinearity 
among climatic predictors, and variables with 
VIF > 3 were excluded. Finally, four of the 19 
bioclimatic variables climate data were retained, 
including mean temperature of warmest quarter 
(Bio10), mean temperature of coldest quarter 

(Bio11), precipitation of warmest quarter (Bio18), 
and precipitation of coldest quarter (Bio19). Sim-
ulations of potential species habitats during the 
LGM were conducted using the Community Cli-
mate System Model v.4 (CCSM4; Gent et al. 
2011) and the Model for Interdisciplinary Re-
search on Climate (MIROC; Watanabe et al. 
2011) at a 2.5 arc-minute resolution. MaxEnt 
v.3.4.4 (Phillips et al. 2017) was used with the 
four Bioclim layers and the occurrence data. A 
20-fold cross-validation procedure was applied to 
test model performance. The area under the re-
ceiver operating characteristic curve (AUC) was 
used to evaluate model performance (Fielding & 
Bell 1997). Other parameters were set to default 
values in the MaxEnt analyses.

Results

Genetic diversity based on MIG-seq data
The genetic diversity of each Potentilla dis-

color population is detailed in Table S1, while the 
diversity among regional populations and be-
tween countries is summarized in Table 2. Indic-
ative of the degree of genetic uniqueness, the 
mean number of private alleles (PA) and locally 
common alleles (LCA) in the continental popula-
tions (PA; 0.004–0.087, LCA; 0.046–0.133) was 
significantly higher than in Japanese populations 
(PA; 0–0.005, LCA; 0.023–0.041) (p < 0.001). 

Table 2.   Summary of genetic diversity of Potentilla discolor populations by regional and country groups using MIG-seq data1.
Na PA LCA AR HO HE uHE

Japanese populations
   Hyogo (p1, p2, p4) 1.143 0.003 0.030 1.103 0.058 0.090 0.060 
   Northern Kyushu2 
       (p5, p6, p10, p11)

1.283 0.003 0.031 1.225 0.079 0.089 0.091 

   Miyazaki (p12, p14) 1.274 0.005 0.039 1.217 0.084 0.090 0.091 
   All_Japan (p1-p14) 1.241 0.003 0.032 1.187 0.074 0.089 0.082 
Continental populations
   Korea (p15-p17) 1.252 0.010 0.066 1.185 0.077 0.097 0.086 
   Russia (p18-p20) 1.378 0.005 0.117 1.278 0.092 0.108 0.112 
   China (p21, p22) 1.299 0.065 0.067 1.226 0.155 0.138 0.122 
   All_Continents 1.311 0.022 0.085 1.230 0.102 0.111 0.105 
Na = Mean number of different alleles per locus; PA = Mean number of alleles unique to a single population per locus; LCA = Mean number of 
locally common alleles found in 25% or fewer populations per locus; AR = Allelic richness; HO = Observed heterozygosity; HE = Expected 
heterozygosity; uHE = Unbiased expected heterozygosity.
1�All values in the table represent means calculated from the data in Table S1, where a detailed description of the genetic diversity of each pop-
ulation is provided.

2Populations P7 and P8 were excluded due to the detection of mixed clusters. See the main text for further details.
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Values of AR and heterozygosities (HE and uHE), 
indicating genetic diversity, were significantly 
higher in continental populations (AR; 1.143–
1.350, HE; 0.091–0.165, uHE; 0.074–0.133) com-
pared to Japanese populations (AR; 1.051–1.247, 
HE; 0.081–0.095, uHE; 0.046–0.099) (p < 0.001). 
The fixation index (FIS) of the population from 
Heilongjiang Province, China (p21) exhibited a 
relatively large deviation from zero (-0.693). 
However, no populations showed significant de-
viations in the HWE tests. 

The global AMOVA showed that ~35 % of the 
variation was distributed among populations (FST 
= 0.349, p < 0.001), indicating substantial differ-
entiation between populations (Table S2). The hi-
erarchical AMOVA showed that ~16% of the 
variation was among groups (continental vs. Jap-
anese populations), indicating moderate differen-
tiation (FCT = 0.161, p < 0.001).

Phylogenetic analysis based on MIG-seq data
In the ML tree of Potentilla discolor individu-

als and an outgroup using Dataset 1 (Fig. 2), the 
populations from northeastern Asia (p15–p21) 
and central China (p22) were paraphyletic to the 
clade of Japanese populations, although relation-
ships among the continental populations re-
mained ambiguous due to low bootstrap probabil-
ities (BPs). Nevertheless, most populations were 
depicted as monophyletic. In the continental pop-
ulations, three Far East Russian populations 
(p18–p20) formed a clade with high BP (91%), 
and this clade was sister to the Heilongjiang pop-
ulation (p21) in China with 65% BP. The three 
South Korean populations (p15–p17) made a sin-
gle clade with 69% BP, and the clade was sister to 
the clade of Far East Russian populations and 
Heilongjiang populations with 29% BP. The Hu-
bei population (p22) in China was positioned at 
the most basal part of the phylogenetic tree, al-
beit with limited statistical support.

On the other hand, the Japanese populations 
(p1, p2, p4–p8, p10–p12, and p14) were included 
in a single clade with high BP (98%). In the Japa-
nese clades, two major clades (Clades I and II) 
were identified: Clade I, comprising the three 
Hyogo populations in mid-western Honshu with 

98% BP, and Clade II, consisting of all Kyushu 
and Yamaguchi populations with 95% BP. In the 
latter clades, furthermore, two sub-clades (Clades 
III, and IV) were identified: Clade III, consisting 
of the northern Kyushu populations [Oita and Fu-
kuoka, including most individuals from p7 and 
two from p8 (p8_12 and p8_13) populations] with 
100% BP; and Clade IV, consisting of the other 
Kyushu and Yamaguchi populations (p5, one in-
dividual from p7 [p7_13], the majority of p8, and 
p10–p12, p14 populations) with 98% BP. The rela-
tionships within Clade IV were unclear, although 
two populations from Miyazaki (p12 and P14) in 
southern Kyushu formed a single clade (Clade V) 
with high BP (100%).

Genetic structure based on MIG-seq data
In the STRUCTURE analysis, the log-likeli-

hood of the data, LnP(K), increased gradually as 
K increased from 2 to 10 (Fig. 3A). The ΔK values 
showed the highest peak at K = 2 (Fig. 3B). Five 
bar-plot diagrams are presented for K = 2, 3, 5, 7, 
and 10 (Fig. 3C). At K = 2, clear genetic differen-
tiation was observed between the Japanese (p1, 
p2, p4, p5–p8, p10–p12, and p14) and continental 
(p15–p22) populations. At K = 3, the Hyogo pop-
ulations (p1, p2, and p4) were distinguished from 
the other Japanese populations. At K = 5, the Mi-
yazaki populations (p12 and p14) of Kyushu be-
longed to a different cluster. Furthermore, in the 
continental populations, genetic differentiation 
was observed between the South Korean popula-
tions (p15–p17), and the Far East Russian & Chi-
nese populations (p18–p22). At K = 7, the two 
Chinese populations (p21 and p22) were assigned 
to separate clusters. At K = 10, in addition to the 
clusters observed at K = 7, the Fukuoka popula-
tion in northern Kyushu (mainly p7) and the 
northern population in South Korea (p17) also 
formed distinct clusters. 

The expected heterozygosity within each 
cluster identified in the STRUCTURE analysis 
indicated relatively high genetic diversity in the 
continental populations compared to the Japa-
nese populations. At K = 2, the expected hetero-
zygosity of the cluster representing the Japanese 
populations was 0.1158, while that of the conti-
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Fig. 2. Maximum likelihood (ML) tree based on 3,556 SNPs of 263 individuals from 22 populations of Potentilla discolor.  
The numbers along the branches represent bootstrap probabilities (%) derived from 1000 replicates. Population numbers 
correspond to those shown in Table 1. A clade consisting of individuals from a single population is collapsed into a  
triangle. The major lineages of the Japanese populations are represented using Roman numerals (Clades I–V).
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nental populations was 0.1455 (Fig. 3C). Among 
the Japanese populations, the clusters corre-
sponding to the Hyogo populations (p1, p2, and 
p4) exhibited particularly low values (K = 3, 5, 7, 
and 10: 0.0804–0.0806). In contrast, within the 

continental populations, the clusters related to the 
Chinese and Russian populations (p18–p22) dis-
played higher expected heterozygosity compared 
to those corresponding to the South Korean pop-
ulations (p15–p17) (K = 5, 7, and 10: 0.1216–

Fig. 3. Result of Bayesian clustering analyses in STRUCTURE of Potentilla discolor. A, Mean L(K) ± SD with 15 runs.  
B, Plots of delta-K values against K = 2–14. C, Bar plots show estimated probabilities of ancestral clusters of each sample. 
Numbers in parentheses indicate number of times the major pattern was observed in 15 iterations. Populations and their 
geographic areas are shown below bar plot. On right side of bar plots, the FST value of each cluster and amount of drift of 
each cluster from a common ancestral population is indicated. Dendrogram based on net nucleotide distance between 
clusters was drawn from the run with the highest likelihood. Circle size represents expected heterozygosity value within 
each cluster.
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0.1438 vs. 0.0840–0.1174).
Furthermore, the FST value for each cluster, 

representing the extent of genetic drift from a 
shared ancestral population, was relatively high 
in Japanese populations compared to the conti-
nental populations (K = 2: 0.5286 vs. 0.2904) 
(Fig. 3C). Among the Japanese populations, FST 
values were notably high in the Hyogo popula-
tions (K = 3, 5, 7, and 10: 0.5724–0.6582). Among 
the clusters of continental populations, the Hei-
longjiang population in China (p21) and the 
northern population in South Korea (p17) exhib-
ited relatively higher FST values compared to 
those in Far East Russia (p18–p20), the southern 
population in South Korea (p15, p16), and the Hu-
bei population in China (p22) (K = 7 and 10: 

0.5309–0.5882 vs. 0.2949–0.3604).
The NeighborNet network revealed popula-

tion structures similar to those inferred by 
STRUCTURE and ML tree (Fig. 4). Two major 
clusters were identified: one comprising the Japa-
nese populations and the other the continental 
populations. Within the Japanese cluster, four 
subclusters were identified: (1) the Hyogo popula-
tions (p1, p2, and p4) in mid-western Honshu; (2) 
the Fukuoka and Oita populations (all individuals 
in p7 except p7_13, and p8 except p8_12 and 
p8_13) in northern Kyushu; (3) populations span-
ning northern Kyushu to Yamaguchi in western-
most Honshu (p5, p6, p7_13, p8_12, p8_13, p10, 
and p11); and (4) the Miyazaki populations (p12 
and p14) in southern Kyushu. In the continental 

Fig. 4. NeighborNet network of 19 populations of Potentilla discolor constructed using SplitsTree. Individual and population 
numbers are omitted in this figure. When individuals within each population are clustered together, only individual num-
bers are indicated. Conversely, when interpopulation mixing is observed, both population numbers and individual num-
bers are shown.
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cluster, four regional subclusters were identified: 
(1) the Far East Russian populations (p18–p20); 
(2) the South Korean populations (p15–p17); (3) 
the Heilongjiang population in China (p21); and 
(4) the Hubei population in China (p22). The out-

group accession, Potentilla chinensis, was linked 
to the cluster of continental populations.

DIYABC analysis based on MIG-seq data
Before conducting the main analyses in DI-

Table 3.   Results of DIYABC-RF for scenario choice analyses.

Table 4.   Priors and parameter estimates of the selected scenarios in the DIYABC-RF analyses.

First-step analysis using Japanese and continental populations
Global error  

rate
Local error  

rate
Votes scenario1 Posterior  

probability1 2 3 4 5 6 7 8
0.049 0.178 705 60 67 136 8 2 4 18 0.822 [Scen. 1]

Second-step analysis focusing on the Japanese populations
Global error  

rate
Local error  

rate
Votes scenario1 Posterior  

probabilityA B C
0.198 0.254 548 227 225 0.746 [Scen. A]

1For each scenario, see Figs. S1 & S2.

Priors for the parameters Estimates for the parameters
Type Parameters Range Mean Median 5% quantiles 95% quantiles

First-step analysis using Japanese and continental populations (Scen. 1; see Fig. 5 & Table 3)
Population size N1 100–100,000 43,892 41,655 24,915 71,086 

N2 100–100,000 37,436 35,059 20,811 60,823 
N3 100–100,000 50,237 47,399 25,790 81,821 
N4 100–100,000 44,136 41,072 19,666 78,475 
N5 100–100,000 49,076 47,913 24,083 78,096 
Na1 100–100,000 60,050 62,570 15,026 96,892 
Na2 100–100,000 56,248 55,919 13,531 96,536 
Nanc 100–200,000 169,501 176,598 119,897 197,901 

Time of event t1 100–50,000 12,582 11,091 1,109 30,582 
t2 100–50,000 23,221 22,101 11,718 35,844 
t3 100–100,000 25,243 24,698 13,457 38,452 
t4 100–150,000 40,787 40,027 24,670 61,176 

Second-step analysis focusing on the Japanese populations (Scen. A; see Fig. 5 & Table 3)
Population size N1 100–50,000 9,624 8,712 3,363 20,237 

N2 100–50,000 13,271 11,896 4,264 24,500 
N3 100–50,000 7,381 6,396 1,420 16,948 
N4 100–50,000 27,610 28,259 12,641 42,389 
Na1 100–100,000 50,166 46,078 10,035 94,027 
Na2 100–100,000 43,628 39,515 9,895 92,805 
Nanc 100–100,000 88,418 90,972 67,630 99,865 

Time of event t1 100–50,000 4,506 4,194 1,227 9,408 
t2 100–50,000 9,870 9,194 3,315 18,869 
t3 100–100,000 21,364 20,681 10,389 34,345 
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YABC-RF, we performed prior scenario check-
ing using Principal Component Analysis (PCA). 
This analysis encompasses two datasets: one cov-
ering the entire distribution range and the other 
exclusively focusing on the Japanese populations. 
In both cases, the observed datasets were posi-
tioned within the clouds of simulated datasets 
(Figs. S1 & S2), indicating that the conditions de-
fined for each analysis were suitable for random 
forest analysis.

In the first-step analysis, which included both 
the Japanese and continental populations, Sce-
nario 1 was identified as the best-supported sce-
nario, receiving 705 out of 1,000 votes with a pos-
terior probability of 0.822 (Table 3, Fig. 5A, Fig. 
S1). This scenario assumes that the Hubei popula-
tion in continental East Asia diverged first, fol-
lowed by the divergence of the Far East Russian 

populations, and finally, the Heilongjiang, South 
Korean, and Japanese populations split into three 
lineages. In addition to the main analysis, prelim-
inary analyses were conducted to test three alter-
native patterns in which the Heilongjiang, South 
Korean, and Japanese populations split in differ-
ent orders. However, Scenario 1 received more 
votes than any of these alternative scenarios (data 
not shown). Subsequently, we conducted param-
eter estimation for Scenario 1, which received the 
highest number of votes (Table 4). The median ef-
fective population sizes for the five defined re-
gional populations (N1–N5) ranged from 35,059 
(90% confidence interval [CI]: 20,811–60,823) to 
47,913 (CI: 24,083–78,096). The values for the 
populations in Japan, South Korea, and Hei-
longjiang Province were comparatively lower 
than those for Far East Russia and Hubei Prov-

Fig. 5. Most supported demographic scenarios in the DIYABC-RF analyses. For a comparison with other scenarios, see Tables 
3 & 4, and Figs. S1 & S2. A, First-step analysis using continental and Japanese populations classified into five groups: 
Pop1 (Japan), Pop2 (South Korea), Pop3 (Far East Russia), Pop4 (Heilongjiang Province, China), and Pop5 (Hubei Prov-
ince, China). Parameters t# (t1–t4) represent timescale in generations; N# indicates effective population size for the fol-
lowing populations: Nanc (ancestral population of all groups), Na1 (ancestral population of Pop1–Pop3), Na2 (ancestral 
population of Pop1–Pop4), and N1–N4 (Pop1–Pop4 after divergence of each regional population). Parameter t1 in this 
scenario was set, for the sake of adjustment, to align with the number of divergences in other scenarios. B, Second-step 
analysis focusing on Japanese populations, with inclusion of South Korean populations as a comparative group. Popula-
tions were classified into four groups: Pop1 (Hyogo), Pop2 (northern Kyushu), Pop3 (Miyazaki), and Pop4 (South Korea). 
Parameters t# (t1–t3) represent timescale in generations; N# indicates effective population size for the following popula-
tions: Nanc (ancestral population of all groups), Na1 (ancestral population of Pop2 and Pop3), Na2 (ancestral population 
of Pop1–Pop3), and N1–N4 (Pop1–Pop4 after divergence of each regional population).



100 Vol. 76Acta Phytotax. Geobot.

ince (N1, N2, N4 < N3, N5). The median estimat-
ed divergence times (t1–t4) ranged from 11,091 
generations ago (CI: 1,109–30,582) to 40,027 gen-
erations ago (CI: 24,670–61,176).

In the second-step analysis focusing on the 
Japanese populations, a comparison across the 
three scenarios indicated that Scenario A was the 
most favorable, receiving 548 out of 1,000 votes 
and achieving a posterior probability of 0.746 
(Table 3, Fig. 5B, Fig. S2). However, the number 
of votes for Scenarios B and C were also relative-
ly high (227, 225/1000 votes, respectively). We 
proceeded with the parameter estimation analysis 
for Scenario A with the highest number of votes 
(Table 4). The median values of effective popula-
tion size of the four defined regional populations 
(N1–N4) ranged from 6,396 (CI: 3,363–20,237) to 
28,259 (CI: 12,641–42,389).

Distribution and network of chloroplast DNA 
haplotypes

Using the trnK 5′-terminal region of cpDNA, 
14 haplotypes (Types A–N) were detected (Table 
S3). There were four indels and 16 site changes 
among the 1,060 sites resulting from alignment. 
The two most common haplotypes were A (n = 
82) and D (n = 78), followed by B (n = 25), F (n = 
24), and K (n = 14). The remaining 10 haplotypes 
(C, E, G–N) were minor, with sample sizes rang-
ing from 1 to 4. The four predominant haplotypes 
(A, B, D, and F) were on both the continent and in 
Japan (Fig. 6A). In contrast, the remaining haplo-
types were unique to each population: Type C in 
Japan (p8); Types G, H, and K in South Korea 
(p15, p17); and Types I, J, L, M, and N in China 
(p21, p22). The MJ network illustrating relation-
ships among these haplotypes is shown in Fig. 
6B. The dominant haplotypes A and D were con-
nected by four mutational steps via Types I and L.

In continental populations, twelve haplotypes 
(Types A, B, D, and F–N) were identified, with a 
haplotype diversity (Hd) of 0.832 and a nucleo-
tide diversity (π) of 0.00283. In the Japanese pop-
ulations, six haplotypes (Types A–F) were identi-
fied, with a haplotype diversity (Hd) of 0.617 and 
a nucleotide diversity (π) of 0.00212. The FST val-
ue, an index of genetic differentiation between 

Japanese and continental populations, was 
0.02861 (p = 0.260), indicating no significant ge-
netic differentiation between the groups.

Inference of distribution patterns by ENM
The MaxEnt models accurately predicted the 

current distribution pattern of Potentilla discolor 
(Fig. 7), achieving an AUC of 0.853 on average 
(range: 0.715–0.934), indicating the model’s reli-
ability. Climate variables contributed to the mod-
el as follows: mean temperature of the coldest 
quarter (Bio11, 57.2%), mean temperature of the 
warmest quarter (Bio10, 20.3%), precipitation of 
the warmest quarter (Bio18, 17.4%), and precipi-
tation of the coldest quarter (Bio19, 5.1%).

To estimate the potential distribution during 
the LGM, the models were projected onto two pa-
leoclimate scenarios (CCSM4 and MIROC) (Fig. 
7). Both projections yielded similar predicted dis-
tribution patterns. High-probability suitable ar-
eas (> 0.75) were widely distributed across cen-
tral and eastern China (ca. 25°N to 35°N). Addi-
tionally, suitable habitats were identified on the 
Pacific side of the Japanese Archipelago. In con-
trast, no suitable habitats were predicted in north-
eastern China, Far East Russia, or the Korean 
Peninsula.

Discussion

Genetic structure and migration history of P. discolor
The genetic structure analysis using MIG-seq 

data in this study clearly identified distinct clus-
ters, separating Japanese populations from conti-
nental populations within Potentilla discolor 
(Figs. 3 & 4). The phylogenetic analysis revealed 
no evidence for monophyly of the continental 
populations as a whole, whereas the Japanese 
populations formed a monophyletic group with 
robust support (Fig. 2). The populations in the 
Japanese Archipelago, located at the eastern edge 
of the range of P. discolor and geographically iso-
lated by the Tsushima Strait, likely experienced 
limited gene flow with continental populations, 
which may have contributed to a distinct genetic 
composition (Fig. 1).
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The phylogenetic analysis in this study did 
not clearly resolve relationships among continen-
tal populations; however, regional clusters were 
clearly distinguishable, including those from 
South Korea, Far East Russia, Heilongjiang Prov-
ince (China), and Hubei Province (China). Thus, 
to clarify the population demographic history of 
Potentilla discolor, we conducted DIYABC-RF 
analyses including the four regional populations 
and the Japanese populations. The results sup-
ported Scenario 1 (Table 3, Fig. 5A), which indi-
cated that the population from Hubei Province, 
China, diverged first, followed by the Far East 
Russian populations. Therefore, the finding sug-
gests that the initial diversification of P. discolor 
occurred within the eastern Asian continental 
populations, rather than between the Japanese 

and continental populations. 
The ENM analysis during the LGM indicated 

that suitable distribution areas were widely pres-
ent from central to eastern China, including with-
in Hubei Province (Fig. 7). In the Late Pleisto-
cene, four glacial-interglacial cycles are known 
to have occurred over the past 400,000 years 
(Lisiecki & Raymo 2005). Since we did not esti-
mate the timing of the divergence in this study, it 
is not possible to specify which glacial period 
was involved in the continental differentiation of 
P. discolor. However, the results of the ENM 
analysis suggest that during a cold period such as 
the LGM, populations that had shifted their dis-
tribution to the southern continental region may 
have expanded their range northward during the 
subsequent post-glacial period. 

Fig. 6. Geographic distribution of chloroplast DNA haplotypes in Potentilla discolor (A) and median-joining network of hap-
lotypes (B). Population numbers correspond to those listed in Table 1. In panel A, size of each circle represents number of 
samples per population. As indicated in upper right, the circles are categorized into three distinct groups. For locations of 
Chinese populations (p21 and p22), refer to Fig. 1.
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For the populations from Heilongjiang Prov-
ince (China), South Korea, and Japan, Scenario 1 
assumes that they diverged into three distinct lin-
eages from a common ancestor at approximately 
the same time after the Far Eastern Russian popu-
lations diverged (Table 3, Fig. 5A). However, the 
ENM analysis indicated that suitable habitat ar-
eas were largely absent on the Korean Peninsula 
and around Heilongjiang Province during the 
LGM (Fig. 7), implying that the current distribu-
tion in those regions was likely established after 
the LGM. Thus, the ancestral population may 
have expanded its range during the postglacial 
period and subsequently diverged into three lin-
eages due to geographic isolation. But, given the 
complex population structure observed within 
the Japanese archipelago (as discussed in detail 
below), it is possible that their divergence oc-
curred not after the LGM but rather during an 
earlier glacial period. Further investigation is re-

quired to clarify the timing and processes of pop-
ulation divergence and expansion in those re-
gions.

Differentiation pattern within the Japanese Ar-
chipelago

Phylogenetic and genetic structure analyses 
revealed significant genetic differentiation be-
tween the Hyogo populations in mid-western 
Honshu and the Kyushu–Yamaguchi populations 
(Figs. 2–4). Furthermore, the southern Kyushu 
population from Miyazaki formed a distinct 
monophyletic group in the phylogenetic tree (Fig. 
2) and a separate group in the cluster analyses 
(Figs. 3 & 4). The Fukuoka and Oita populations 
in northern Kyushu (p7, p8) will be discussed in 
detail in the following paragraphs. These findings 
regarding the Hyogo and Miyazaki populations 
suggest that, after the expansion of the distribu-
tion within the Japanese Archipelago, relict pop-

Fig. 7. Ecological niche models for Potentilla discolor at present and during Last Glacial Maximum (LGM) (CCSM and MI-
ROC models, ca. 21,000 years BP). Color legend from blue to red indicates habitat suitability from low to high. In upper 
left figure, red dots indicate P. discolor occurrence records (77 points) used in this study.
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ulations became isolated at the edges of the range 
in mid-western Honshu and southern Kyushu. In 
the STRUCTURE analysis, the Hyogo and Mi-
yazaki populations exhibited relatively high FST 
values (Fig. 3). The results suggest that strong ge-
netic drift occurred in both populations, support-
ing the occurrence of isolation events likely asso-
ciated with the bottleneck effect, which occurs 
when small isolated populations experience re-
duced genetic diversity. Additionally, demo-
graphic analysis supported a scenario (Scenario 
A) in which the Hyogo population (Pop1) di-
verged first, followed by the divergence of the 
northern Kyushu–Yamaguchi populations (Pop2) 
and the Miyazaki population (POP3) (Table 3, 
Fig. 5B). This result further corroborates the 
aforementioned scenario for genetic differentia-
tion in the Japanese populations.

In the Fukuoka/Oita populations (p7, p8) in 
northern Kyushu, two distinct lineages (Clades 
III and IV) or genetic clusters were observed in 
each population (Figs. 2–4), thereby indicating 
that genetically divergent individuals occur sym-
patrically (i.e., within the same geographic loca-
tion) within a single population. The two popula-
tions were approximately 75 km apart, with little 
continuous habitat between them. Thus, it is un-
likely that gene flow occurred frequently between 
them. The results may reflect the complex evolu-
tionary history of the populations in northern Ky-
ushu. However, the potential for experimental 
handling errors, such as sample contamination, 
cannot be excluded and further discussion on this 
matter is therefore limited. However, the pres-
ence of at least two distinct lineages or genetic 
clusters in northern Kyushu suggests that there 
may have been a broader range of suitable habi-
tats for this species in the region in the past.

In our previous studies using MIG-seq and 
ddRAD-seq analyses with plants of the Mansen 
elements, genetic differentiation within the Japa-
nese Archipelago has also been observed in Viola 
orientalis and Tephroseris kirilowii (Sata et al. 
2021, Sakaba et al. 2023). However, genetic dif-
ferentiation between the Kyushu and Honshu 
populations in V. orientalis was small. Although 
it was observed in the phylogenetic analysis, no 

differentiation was detected within Japan in the 
STRUCTURE analysis. Furthermore, in T. 
kirilowii, the STRUCTURE analysis revealed ge-
netic differentiation in the southern Kyushu pop-
ulations (Miyazaki & Kagoshima Pref.), while 
the genetic composition of populations from oth-
er regions was uniform. Considering that four 
clusters were recognized in Potentilla discolor, it 
is possible that the patterns of genetic differentia-
tion within Japan differ significantly among spe-
cies. Factors contributing to these differences 
may include variation in the phylogeographic his-
tory of each species. However, ecological factors, 
such as differences in habitat and seed dispersal 
patterns, are also likely to have played a signifi-
cant role. For example, species of Viola, including 
V. orientalis, are myrmecochorous plants that pro-
duce seeds with elaiosomes, facilitating dispersal 
by ants (Beattie & Lyons, 1975), and T. kirilowii 
(Asteraceae) is considered to rely on wind disper-
sal through seeds equipped with a pappus. In con-
trast, the achenes of P. discolor are small and lack 
specialized dispersal appendages, indicating that 
they rely primarily on gravity for dispersal, which 
likely limits their ability to colonize distant or iso-
lated habitats. The factors underlying the regional 
differentiation of P. discolor within Japan may 
therefore be closely linked to its limited dispers-
ibility and the ecological constraints imposed by 
the seed dispersal mechanisms.

Origin of the Mansen elements
Previous phytogeographic studies hypothe-

sized that species of the Mansen element origi-
nated on the Asian continent and migrated to Ja-
pan via the Korean peninsula during the cold cli-
mate of the Pleistocene (Kitamura 1957, Hotta 
1974, Murata 1977, 1988, Tabata 1997). The con-
tinental origin of the Mansen elements was sup-
ported by a previous study on Viola orientalis 
(Sata et al. 2021). In the present study of Poten-
tilla discolor, the ML phylogenetic tree did not 
provide direct evidence for a continental origin of 
the species (Fig. 2). However, demographic anal-
ysis suggested that populations from Hubei Prov-
ince in China and Far East Russia contributed to 
the early diversification of the species (Scenario 
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1, Fig. 5A). In contrast, the scenario in which the 
Japanese population diverged first (Scenario 8), 
was not supported (Table 3, Fig. S1). Additional-
ly, the network analysis showed that the cluster of 
Potentilla chinensis used as an outgroup was con-
nected with the continental population clusters 
(Fig. 4). These findings support a continental  
origin for the Mansen elements.

The parameter estimates supported by Sce-
nario 1 in the demographic analysis suggests that 
divergence between the continental and Japanese 
populations of P. discolor occurred approximate-
ly 22,000 (90% credibility interval = 11,718–
35,844) generations ago (t2, Table 4). Although 
the precise generation time of P. discolor, this 
small perennial herb, remains undetermined, it is 
likely to be less than 10 years based on its life his-
tory. If past climate changes are associated with 
this divergence, it is possible that the event oc-
curred during the last glacial period or possibly 
the preceding glacial periods. While the absolute 
divergence time remains unresolved, the relative-
ly recent divergence in the late Quaternary sup-
ports the traditional hypothesis concerning the 
migration history of the Mansen elements.

Additionally, the migration routes from the 
continent to Japan remained unresolved in this 
study. If the ancestral population migrated to Ja-
pan via the Korean peninsula, it would be expect-
ed that the Japanese and South Korean popula-
tions would be genetically closely related. How-
ever, the ML tree did not support this hypothesis, 
as it did not provide evidence that the Japanese 
and South Korean populations form a sister group 
(Fig. 2). Furthermore, Scenario 1, supported by 
the demographic analysis, suggests that the popu-
lations from Japan, South Korea, and Heilongji-
ang Province diverged almost simultaneously, 
though the precise migration route to Japan re-
mains unclear (Fig. 5A). The ENM analysis indi-
cated that during the LGM, suitable habitats for 
P. discolor extended from central China to the 
Pacific side of the Japanese Archipelago (Fig. 7), 
suggesting that migration may have been via 
through the exposed continental shelf now occu-
pied by the East China Sea. During the LGM, this 
region was exposed as land, and pollen analyses 

have revealed the expansion of grassland steppe 
vegetation (Kawahata & Ohshima 2004, Xu et al. 
2010). Therefore, while the possibility of migra-
tion via this region cannot be excluded, the analy-
sis based on the SNP data of P. discolor in this 
study did not provide results supporting this sce-
nario. Regardless, given the limited sample size 
of continental populations in this study, increas-
ing the number of continental populations in fu-
ture analyses is necessary to better determine the 
migration route of P. discolor to Japan.

Discrepancies between chloroplast DNA and 
MIG-seq analysis data

MIG-seq phylogenetic analysis showed that 
the Japanese populations were distinctly mono-
phyletic (Fig. 2). However, cpDNA analysis did 
not reveal genetic differentiation between Japa-
nese and continental populations. For example, 
haplotype D, one of the dominant haplotypes, 
was detected in all regions of Japan, Russia, and 
China (Hubei) (Fig. 6). Moreover, the genetic dif-
ferentiation between Japanese and continental 
populations was significant based on FST values 
from the SNP data but not for cpDNA. Discrep-
ancies between nuclear and chloroplast lineages 
are a relatively well-known phenomenon in 
plants, primarily due to incomplete lineage sort-
ing based on ancestral polymorphisms, interspe-
cific hybridization, or intraspecific hybridization 
among genetic groups (Wendel & Doyle 1998, 
Currat et al. 2008, Joly et al. 2009, Petit & Excof-
fier 2009, Pelser et al. 2010). One possibility is 
that populations of P. discolor that retained conti-
nental ancestral polymorphisms may have en-
tered the Japanese Archipelago followed by ge-
netic drift subsequently fixing specific haplo-
types in each population. Regardless, the haplo-
type distribution pattern of the cpDNA showed 
limited geographic structure, indicating that phy-
logeographic information is sparse. Therefore, 
our study focused on determining the migration 
history of P. discolor based on MIG-seq data.
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