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Abstract
Background Floodplains harbor highly biodiverse ecosystems, which have been strongly affected by both past 
climate change and by recent human activities, resulting in a high prevalence of many endangered species in these 
habitats. Understanding the history of floodplain species over a wide range of timescales can contribute to effective 
conservation planning. We reconstructed the population formation history of the Itasenpara bitterling Acheilognathus 
longipinnis, an endangered floodplain fish species in Japan, over a broad timescale based on phylogenetic analysis, 
demographic modeling, and historical demographic analysis using mitogenome and whole-genome sequences. A 
genome sequence was newly assembled as a reference for the resequencing analysis. This bitterling is distributed in 
three plains separated by high mountain ranges and exhibits ecological characteristics well adapted to floodplain 
environments.

Results Our analyses revealed an unexpected population branching pattern, gene flow, and timing of the 
differentiation that occurred within a few hundred thousand years, i.e., long after the mountain uplift that was 
assumed to be the primary geological cause of the population differentiation. The analyses also showed that all local 
populations experienced a severe decline during the last glacial and post-glacial periods.

Conclusions Our results suggest that the floodplain bitterling was able to disperse through unknown routes after 
mountain uplift and that its populations were strongly influenced by climatic and geographic changes in glacial–
interglacial cycles and subsequent human activities, probably related to its floodplain-dependent ecology. The 
genomic data highlight the unanticipated distribution process of this species and the magnitude of the impact of 
human activities, with important implications for its conservation.

Next-generation phylogeography reveals 
unanticipated population history and climate 
and human impacts on the endangered 
floodplain bitterling (Acheilognathus 
longipinnis)
Keisuke Onuki1* , Ryosuke K. Ito1,9, Tappei Mishina1,2, Yasuyuki Hashiguchi3, Koki Ikeya4, Kazuhiko Uehara5, 
Masaki Nishio6, Ryoichi Tabata7, Seiichi Mori8 and Katsutoshi Watanabe1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0001-9541-1037
http://orcid.org/0000-0003-2244-2902
http://crossmark.crossref.org/dialog/?doi=10.1186/s12862-024-02326-y&domain=pdf&date_stamp=2024-11-10


Page 2 of 16Onuki et al. BMC Ecology and Evolution          (2024) 24:141 

Background
Floodplains are one of the most important ecosystems 
that temporarily form on the plains around rivers and 
lakes and often harbor high biodiversity in their spatio-
temporally heterogeneous environments, with seasonal 
and reciprocal transitions between terrestrial and aquatic 
habitats [1–3]. Floodplain ecosystems are more likely to 
develop in humid climates and are therefore influenced 
by geohistorical conditions such as climatic changes. In 
addition, floodplain environments were modified for 
human agricultural and residential use during the Holo-
cene, followed by drastic alterations in the Anthropocene 
for flood control, land reclamation, and urbanization 
[1, 4, 5]. Human-induced environmental changes have 
endangered many wildlife species living in floodplains [4, 
5]. To evaluate such human impacts on floodplain envi-
ronments and biodiversity, compared to the impacts of 
geohistorical environmental changes, understanding the 
long-term population history of floodplain inhabitants is 
important. However, estimating population history over 
various timescales is methodologically challenging.

Next-generation phylogeography can be used to 
address this challenge. Access to genome-wide single 
nucleotide polymorphism (SNP) information using next-
generation sequencing technology has enabled robust 
phylogenetic and demographic inferences using a large 
number of loci, considering gene flow, which cannot 
be adequately examined by a few conventional genetic 
markers [6–9]. The population history of target organ-
isms can now be inferred over a wide range of times-
cales (several to hundreds of thousands of generations) 
with unprecedented resolution using whole-genome data 
[10]. Studies on the origin and dynamics of populations 
of floodplain organisms under geoclimatic and anthropo-
genic influences will benefit greatly from next-generation 
phylogeographic approaches.

Here, we focus on a typical floodplain species, the Ita-
senpara bitterling, Acheilognathus longipinnis (Acheilo-
gnathinae; Cyprinidae), a strictly freshwater fish endemic 
to Japan. We aimed to reconstruct the past evolutionary 
history of local populations of this species using whole-
genome population analyses. This species has a disjunct 
distribution in three plains, clearly separated by moun-
tain ranges: the Toyama, Nobi, and Osaka Plains [11, 12] 
(Fig. 1). This species is listed as endangered by the Inter-
national Union for Conservation of Nature (IUCN) and 
local red lists [13, 14], being threatened in all plains by 
the deterioration of their floodplain habitats, which they 
depend on for growth during the juvenile phase [15]. Like 
other bitterlings, this species spawns in the mantle of 

unionoid bivalves, and early development occurs within 
the shell [11, 12]. While most bitterling species spawn in 
spring or early summer, and the juveniles emerge from 
the bivalve within a few weeks, this species spawns in 
autumn, and the hatchlings stop developing in the shell 
to overwinter; they resume development in spring and 
emerge in early summer [16, 17]. The biology and life 
cycle of this fish species are highly adapted to the flood-
plain environment in the East Asian monsoon climate 
zone, where juveniles can utilize the abundant temporary 
water formed on the floodplain by spring-to-summer 
rainfall before other species begin to use them [15, 18, 
19].

The genetic population structure and demographic 
history of A. longipinnis had been investigated in pre-
vious studies due to its biogeographical interests and 
conservation needs. Analyses of partial mitochondrial 
DNA sequences and microsatellite DNA polymor-
phisms revealed that each of the three local populations 
(Toyama, Nobi, and Osaka) of this species formed a 
homogeneous genetic cluster [20–22]. However, reli-
able results on the order and timing of the divergence 
of the three local populations have not been obtained so 
far. Okazaki et al. [21] and Kitanishi et al. [20] found a 
close relationship between the Nobi and Osaka popula-
tions using mitochondrial DNA data. They speculated 
that population differentiation reflects their isolation 
by the uplift of the Central Highlands (for Toyama vs. 
Nobi + Osaka, ca. 0.8–5  million years ago [mya]) and 
the Suzuka Mountains (for Nobi vs. Osaka, ca. 1.0 mya), 
which separate these plains (Fig.  1). In contrast, micro-
satellite DNA analysis (10 loci) showed no such pattern 
of genetic differentiation but rather a closer genetic rela-
tionship between the Toyama and Osaka populations 
[22]. This uncertainty may be attributed to the inaccurate 
reconstruction of population history owing to the use of 
only a single or few genetic markers [23–25]. The micro-
satellite data were also used to estimate the recent demo-
graphic history of A. longipinnis, suggesting the influence 
of a recent bottleneck over the last few decades to sev-
eral hundred years on each local population [22]. How-
ever, the reliability of estimating the pattern and timing 
of the bottleneck should be re-evaluated because of the 
small number of loci used and uncertain mutation rates 
[26, 27]. Unlike floodplains in continental regions, flood-
plains in the Japanese Archipelago, where A. longipinnis 
occurs, are small alluvial plains on the margins of islands. 
Therefore, geohistorical conditions, such as sea level and 
climate changes, would strongly impact the demography 
of this species. Genome-wide data with a large number 
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of loci would be useful for more reliable inference of 
demography over a long timescale.

This study aimed to elucidate the evolutionary his-
tory and demography of A. longipinnis over broad tim-
escales based on whole-genome and mitogenome data 
to deepen our understanding of the distribution mecha-
nism of floodplain fishes on islands and to contribute 
to the conservation of this endangered species. First, 
to clarify the degree, order, and timing of the differen-
tiation of the three local populations of this species, we 
analyzed genetic population structure and phylogeny 
and conducted demographic modeling. Next, to explore 
the historical changes in population size experienced by 
each local population from their differentiation to the 
Anthropocene, we performed historical demography 
estimation using genome-wide SNP data. Finally, we dis-
cuss the relationships of the results of these analyses to 
climate change, the timing of the formation of mountain 
ranges that divide the present habitat, and human activi-
ties, comparing our results with previous hypotheses. 
By inferring the patterns and factors that shape the local 
populations of A. longipinnis through a next-generation 
phylogeographic approach, we highlight the potential of 
such an approach to understand more complex processes 

of freshwater fish distribution than could be achieved by 
conventional methods.

Methods
Ethics statement
Acheilognathus longipinnis is a legally protected spe-
cies designated as a Natural Monument of Japan and a 
“nationally rare species of wild fauna and flora” in Act on 
Conservation of Endangered Species of Wild Fauna and 
Flora, Japan. We obtained permission to conduct this 
research from the Agency for Cultural Affairs and the 
Ministry of the Environment, Japan. We used captive and 
wild fish tissues (fin clips) collected by non-invasive sam-
pling or immediately after death. When sampling from 
live fish, a minimal portion of the fin tissue was clipped 
after anesthesia with 2-phenoxyethanol. The wild fish 
were gently returned to the river after collecting the fin 
tissue following a careful process. To extract high-quality 
genomic DNA for de novo whole-genome sequencing, a 
captive individual was euthanized by 2-phenoxyethanol 
overdose with utmost care following American Veteri-
nary Medical Association Guidelines for the Euthanasia 
of Animals (2020).

De novo whole-genome sequencing
De novo whole-genome sequencing of A. longipinnis 
was performed on a captive individual from the Nobi 
population (Table 1). Total DNA was extracted from the 
testes of the individual euthanized by 2-phenoxyetha-
nol overdose using a MagAttract HMW DNA Kit (Qia-
gen, Germany). Gel Bead-In-Emulsions were prepared, 
DNA fragments were barcoded with the 10x Genomics 
Chromium Controller instrument (10x Genomics, USA) 
and sequenced using a Hiseq X Ten (Illumina, USA). 
Library preparation and sequencing were outsourced to 
Macrogen Japan. The acquired 450 M linked reads were 
assembled using Supernova v2.0.0 [28] with default 
parameters. This assembler is specifically designed for 
genome assembly using linked reads and includes all 
necessary processes for assembly (e.g., trimming adapt-
ers and barcodes from reads, sorting reads by barcode, 
efficient k-mer estimation, assembly, edge correction, 
and bridging of contigs based on barcodes). The integ-
rity of the draft genome was assessed using BUSCO 
v5.4.3 [29] with 3,640 actinopterygian core genes (-l 
actinopterygii_odb10).

Sampling and whole-genome resequencing
Whole-genome resequencing was performed on a total 
of 23 samples collected from all the three local popula-
tions of A. longipinnis from 2017 to 2020 (eight individu-
als from the Toyama population, the Busshouji River 
system; seven from the Nobi population, the Kiso River 
system; eight from the Osaka population, the Yodo River 

Fig. 1 The three plains where Acheilognathus longipinnis is distributed. 
Yellow lines indicate mountain ranges separating the plains. The photo: 
A. longipinnis in the Toyama Plain in autumn, the breeding season (left, a 
female extending an ovipositor; right, a male with nuptial color)

 



Page 4 of 16Onuki et al. BMC Ecology and Evolution          (2024) 24:141 

system; Table 1). For captive individuals at the Lake Biwa 
Museum (Osaka population; n = 2), whole-body speci-
mens were preserved in 99% ethanol or frozen immedi-
ately after death, and the right pelvic fin or a portion of 
the caudal fin was excised and preserved in 99% ethanol. 
For the other specimens, a portion of the right pelvic 
or caudal fin was minimally invasively excised and pre-
served in 99% ethanol.

Whole genomic DNA was extracted from the fin 
samples using the DNeasy Blood & Tissue Kit (Qia-
gen, Germany) or the QIAamp DNA Micro Kit (Qia-
gen, Germany). Libraries were prepared using the 
NEBNext Ultra II FS DNA Library Prep Kit for Illu-
mina (New England Biolabs, USA). Indexing was per-
formed using NEBNext Multiplex Oligos for Illumina 
(New England Biolabs, USA). Sequencing was per-
formed using a HiSeq X Ten (Illumina, USA) in the 
150-bp paired-end mode. Sequencing was outsourced 
to Macrogen Japan.

To be used as an outgroup for molecular phyloge-
netic analysis, a wild specimen of the Zenitanago bit-
terling, Acheilognathus typus, the most closely related 
species of A. longipinnis [16, 30], was also collected 
and sequenced in the same manner (Table 1).

Mapping and SNP calling
For all acquired data (short-read sequencing data from 24 
A. longipinnis specimens, including one individual used 
for de novo whole-genome sequencing, and one A. typus; 
Table 1), read quality control was performed using fastp 
v0.20.1 [31]. Reads with > 40% unqualified bases (i.e., 
bases with a quality score of < 20; -q 20) were excluded 
(-u 40). The window (four bases) was slid from the 3′ and 
5′ ends of the reads, and the window with a mean qual-
ity of < 20 was removed (-3 -5). The filtered reads were 
mapped to the reference genome using the bwa-mem2 
v2.0 [32]. The draft genome assembled in this study was 
used as reference genome, excluding scaffolds of < 15 kb. 
Alignments in SAM format were sorted and compressed 
in BAM format using Samtools v1.15.1 [33]. All possible 
multi-mapped reads were excluded (grep -v -e ‘XA: Z:’ -e 
‘SA: Z:’). PCR duplicates created during library prepara-
tion were marked using MarkDuplicates in Picard v2.25.0 
(http:// broadin stitute .git hub.io/picard).

Three different variant calling strategies were per-
formed on the aligned reads according to the down-
stream analysis requirements. First, we called SNPs using 
HaplotypeCaller and GenotypeGVCFs in GATK v4.2.0.0 
[34] for analyses that required only SNPs. We excluded 
bases with quality scores of < 20 (-mbq 20). SNPs were 

Table 1 Sample information of Acheilognathus longipinnis and Acheilognathus typus (outgroup) used in the study
Sample
ID

Species Population Type Locality Collecting Date

T-01 Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-02 Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-03 ‡ Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-04 Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-05 ‡ Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-06 ‡ Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-07 ‡ Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
T-08 Acheilognathus longipinnis Toyama wild Busshouji River, Himi, Toyama, Japan 8/23/2020
N-01 Acheilognathus longipinnis Nobi wild Kiso River, Inazawa, Aichi, Japan 6/14/2018
N-02 Acheilognathus longipinnis Nobi wild Kiso River, Inazawa, Aichi, Japan 6/14/2018
N-03 ‡ Acheilognathus longipinnis Nobi wild Kiso River, Inazawa, Aichi, Japan 6/14/2018
N-04 Acheilognathus longipinnis Nobi wild Kiso River, Inazawa, Aichi, Japan 6/14/2018
N-05 ‡ Acheilognathus longipinnis Nobi wild Kiso River, Inazawa, Aichi, Japan 6/14/2018
N-06 † ‡ Acheilognathus longipinnis Nobi captive Gifu World Fresh Water Aquarium, Kakamigahara, Gifu, Japan 11/3/2017
N-07 Acheilognathus longipinnis Nobi captive Gifu World Fresh Water Aquarium, Kakamigahara, Gifu, Japan 11/3/2017
N-08 ‡ Acheilognathus longipinnis Nobi captive Gifu World Fresh Water Aquarium, Kakamigahara, Gifu, Japan 11/3/2017
O-01 Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-02 Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-03 Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-04 Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-05 ‡ Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-06 ‡ Acheilognathus longipinnis Osaka wild RIEAFO Biodiversity Center, Neyagawa, Osaka, Japan 11/29/2018
O-07 ‡ Acheilognathus longipinnis Osaka captive Lake Biwa Museum, Kusatsu, Shiga, Japan 12/3/2019
O-08 ‡ Acheilognathus longipinnis Osaka captive Lake Biwa Museum, Kusatsu, Shiga, Japan 10/21/2020
- Acheilognathus typus - - Izunuma Lake, Tome, Miyagi, Japan 2/25/2019
Note † Used for de novo whole genome sequencing; ‡ Used for MSMC analysis; RIEAFO: Research Institute of Environment, Agriculture and Fisheries, Osaka Prefecture

http://broadinstitute.github.io/picard
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extracted by the GATK SelectVariants and filtered by 
GATK VariantFiltration with “QD < 2.0 || FS > 60.0 || 
MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum 
< -8.0.” In addition, we filtered out sites with SNP call 
quality too low, depths too low/high, non-biallelic sites, 
minor allele frequencies too low, and sites containing 
missing data using vcftools v0.1.16 [35], with the follow-
ing parameters: minQ = 30, max meanDP = 46.76 (twice 
the mean depth in GATK calling), minDP = 8, max-
alleles = 2, min-alleles = 2, maf = 0.05 (when using only 
the A. longipinnis data to avoid filtering out the unique 
alleles of A. typus), and max-missing = 1. Finally, we used 
Plink v1.9 [36] (www.cog-genomics.org/plink/1.9/) to 
remove linked SNPs from the SNP-only dataset. We 
scanned windows of 50 variants, shifting the window by 
10 variants each time, and greedily pruned variants with 
a squared correlation greater than 0.35 until no such 
pairs remained in the window (--indep-pairwise 50 10 
0.35). This resulting dataset using only A. longipinnis data 
(n = 24) is referred to as SNP-only dataset 1, and using A. 
longipinnis and A. typus bitterling data (n = 25) is referred 
to as SNP-only dataset 2.

Second, for allele frequency spectrum (AFS) analy-
sis, we called SNPs and invariant sites using mpileup 
in bcftools v1.15.1 [33, 37] on the A. longipinnis data 
(n = 24). In addition, we filtered out sites with SNP calls 
of too low quality, too low/high depth, and multial-
lelic sites using vcftools with the following parameters: 
minQ = 30, max meanDP = 46.53 (twice the mean depth 
in bcftools calling), minDP = 8, and max-alleles = 2. We 
also filtered sites with missing data using vcftools under 
the following parameters: max-missing = 0.8. This result-
ing dataset referred to as all-sites dataset 1. In addition, 
to eliminate the estimation bias introduced by simultane-
ous analysis of samples with low and high depths in the 
downstream analysis (i.e., demographic modeling), the 
quality-controlled reads were downsampled to a depth of 
approximately 10×, and the same mapping, sorting, com-
pressing, and marking duplication as above were per-
formed, and SNPs and invariant sites were called using 
bcftools. We filtered out sites with SNP calls of too low 
quality, too low/high depth, and multiallelic sites using 
vcftools with the following parameters: minQ = 30, max 
meanDP = 16.82 (twice the mean depth in bcftools call-
ing), minDP = 4, and max-alleles = 2. We also filtered 
sites with missing data using vcftools under the follow-
ing parameters: max-missing = 1. This resulting dataset 
referred to as all-sites dataset 2.

Third, for historical demographic analyses, we called 
SNPs in the A. longipinnis data (n = 24) using bcftools 
and bamCaller.py in MSMC Tools  (   h t  t p s  : / / g  i t  h u b . c o m 
/ s t s c h i ff  / m s m c - t o o l s     ) (PSMC dataset). We filtered out 
bases with a minimum mapping quality < 20 (--min-MQ 

20), minimum base quality < 20 (--min-BQ 20), or a 
depth greater than twice the scaffold-wide average per 
individual.

Mitochondrial genome assembling
De novo mitochondrial genome (mitogenome) assem-
bling was performed using GetOrganelle v1.7.5.0 [38] 
on short-read sequencing data from 23 A. longipinnis 
specimens, excluding the specimen used for the de novo 
whole-genome sequencing, and one A. typus speci-
men. For the specimen used for de novo whole-genome 
sequencing, the mitogenome could not be assembled 
because short DNA fragments were removed dur-
ing library preparation. Assembly was conducted using 
10–30  M reads per individual. The animal_mt option 
was used. All the runs used k-mer sizes of 21, 55, 85, and 
115. This resulted in complete mitogenome sequences of 
all individuals (approximately 16,770  bp). All sequences 
were annotated using the MitoAnnotator v3.67 [39].

Population structure
To elucidate the population structure of A. longipin-
nis, we performed principal component analysis (PCA), 
genome-wide FST, genetic divergence (dXY), nucleotide 
diversity (π) calculation, and clustering analysis using 
genome-wide SNP data. PCA and clustering analyses 
were performed using the SNP-only dataset 1. Principal 
component analysis was conducted using Plink based on 
the variance-standardized relationship matrix. We cal-
culated Weir and Cockerham’s FST [40], dXY, and π [41] 
in non-overlapping 10  kb windows with pixy [42] using 
the all-sites dataset 1. We estimated individual admix-
ture proportions with the likelihood model-based pro-
gram ADMIXTURE 1.3.0 [43], performing unsupervised 
clustering assuming a number of distinct genetic popula-
tions (K) from 1 to 10, with the convergence criterion set 
to 10−4 (-C 0.0001). This analysis was repeated 100 times 
using random seeds. The minimum cross-validation 
error values for each K were compared among the Ks, 
and the K with the smallest cross-validation error value 
was selected as the optimal K value.

We also investigated the genetic diversity of mitoge-
nomes of each local population. We used Arlequin v3.5 
[44] to calculate nucleotide diversity (π) and haplotype 
diversity (h) for each local population.

Phylogenetic analysis
Phylogenetic inferences were performed using genome-
wide SNP and mitogenome data. For genome-wide 
SNP data, we used SNP-only dataset 2 and constructed 
a neighbor-net using SplitsTree v4.18.2 [45] with 1,000 
bootstrap runs. Hamming distance was used as the 
genetic distance. Maximum likelihood phylogenetic tree 
estimation was performed as follows: SNP-only dataset 

http://www.cog-genomics.org/plink/1.9/
https://github.com/stschiff/msmc-tools
https://github.com/stschiff/msmc-tools
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2 (multiple VCF) was converted to the PHYLIP format 
removing all missing sites using vcf2phylip v2.0 [46], 
and invariant sites were removed using raxml_ascbias 
(https:/ /github .com/bt mart in721/raxml_ascbias) to  c r e a 
t e concatenated SNP sequences (43,843 SNPs). For these 
concatenated sequences, a maximum likelihood phylo-
genetic tree was estimated using IQ-TREE v2.0.7 [47]. 
We used TVM + F + ASC + R2 as the nucleotide substi-
tution model, which was selected with BIC using Mod-
elFinder [48] implemented in IQ-TREE. Only the models 
that included ascertainment bias corrections (ASC) were 
explored [49]. The Shimodaira–Hasegawa-like approxi-
mate likelihood ratio test (SH-aLRT) [50] and ultrafast 
bootstrap approximation (UFBoot2) [51] were used for 
statistical evaluation of the branches. In these phyloge-
netic analyses, all heterozygous sites are labeled using the 
IUPAC nomenclature.

For mitochondrial phylogeny, the mitogenome 
sequences of 42 species and subspecies of the bitterling 
subfamily Acheilognathinae and six other cypriniform 
outgroups were obtained from the National Center for 
Biotechnology Information (NCBI) database and ana-
lyzed with A. longipinnis and A. typus sequences newly 
generated in the present study (Table S1). Their 13 pro-
tein-coding genes (PCGs; ND1, ND2, COI, COII, ATPase 
8, ATPase 6, COIII, ND3, ND4L, ND4, ND5, ND6, and 
Cyt b) were used to estimate maximum likelihood (ML) 
and Bayesian phylogenetic trees. The sequence align-
ment of each gene was performed using mafft v7.490 
[52]. Unique haplotypes were selected for the analysis: 12 
haplotypes for A. longipinnis, 2 haplotypes for A. typus, 
1 haplotype each for the other 40 bitterling species/sub-
species, and 6 outgroup species, totaling 60 haplotypes 
(Table S1). For ML tree estimation, PCGs were parti-
tioned, and base substitution models were selected by 
BIC using ModelFinder implemented in IQ-TREE (Table 
S2). SH-aLRT and UFBoot2 were used as the statistical 
evaluation values for the branches.

The divergence times of the bitterling species were esti-
mated using the Bayesian relaxed clock model in BEAST 
v2.7.0 [53]. The 13 PCGs were partitioned; the site and 
clock models were unlinked for all partitions, and the 
tree was linked. For the site model, we used the model-
averaging approach with the bModelTest [54]. As time 
calibration points, we used 20 mya, corresponding to the 
oldest fossil record of Acheilognathinae from the Early 
Miocene, as the minimum age [16, 55], and 33 mya, the 
divergence age between Acheilognathinae and the sis-
ter subfamily Gobioninae [56–60], as the maximum 
age of the time to the most recent common ancestor 
(TMRCA) of Acheilognathinae. The median divergence 
age of the results from several relevant studies [56–60] 
was obtained from TimeTree 5 [61] (accessed September 
5, 2022). To include them in the 95% confidence interval, 

the prior probability of the TMRCA for Acheilognathinae 
was given as a normal distribution with mean = 26.5 
mya and standard deviation = 3.3. We used an optimized 
relaxed clock model and a birth-death model as the tree 
prior. The MCMC was set at 500,000,000 steps, and sam-
pling was performed every 2,000 steps. Tracer v1.7.2 [62] 
was used to verify that the effective sample size (ESS) of 
the parameters was > 200. After excluding the first 20% 
as burn-in, all trees were combined using TreeAnnotator 
v2.7.0 [53].

Demographic analyses
The historical demography of A. longipinnis was esti-
mated using the pairwise sequential Markovian 
coalescent approach (PSMC) [63], multiple sequen-
tial Markovian coalescent approach (MSMC) [64], and 
approximate Bayesian computation approach (PopSize-
ABC) [65]. It is empirically suggested that these methods 
differ in the time periods for which historical demogra-
phy can be adequately estimated, i.e., for PSMC, hun-
dreds to hundreds of thousands of generations ago; for 
MSMC, one hundred to hundreds of thousands of gen-
erations ago; and for PopSizeABC, several to hundreds of 
thousands of generations ago, although they also depend 
on the data used and the true demographic history [10]. 
PSMC was performed as PSMC’ by msmc v2.1.3 [66], 
using the data on a scaffold of > 100 kb in the PSMC data-
set with default settings for each individual. MSMC was 
performed using msmc v2.1.3, on the data on a scaffold 
of > 100  kb in the PSMC dataset phased by the SHA-
PEIT2 [67]. The VCFs of each individual in the PSMC 
dataset were merged (bcftools merge --missing-to-ref ) 
and phased by read-aware phasing [68] using SHAPEIT2, 
after removing multiallelic sites. The phased VCFs were 
split individually (bcftools split), and sites with only the 
same bases as the reference were removed. For each local 
population, MSMC was performed using the phased 
VCFs of the four individuals with the highest depth in 
SNP calling with bcftools (Table 1) and default settings, 
except for sites with ambiguous phasing, which were 
skipped (-s). For MSMC, 30 bootstrap runs were con-
ducted using multihetsep_bootstrap.py from msmc-tools 
(https:/ /github .com/st schi ff/msmc-tools) with the default 
settings. For both PSMC’ and MSMC, a mappability bed 
file was created by calculating the (150, 2)-mappabil-
ity using GenMap v1.3.0 [69]. The generation time and 
mutation rate per site per generation were assumed to be 
1 year [11, 15, 17] and 3.50 × 10−9 [70], respectively.

A more recent historical demography was estimated 
using PopSizeABC with the merged PSMC dataset. Two 
summary statistics, AFS and linkage disequilibrium, were 
used in the ABC analysis. These summary statistics were 
calculated for 21 discrete time windows (the oldest time 
window started 30,000 generations before the present) 

https://github.com/btmartin721/raxml_ascbias
https://github.com/stschiff/msmc-tools
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based on the empirical dataset and compared with the 
corresponding statistics calculated from the simulated 
datasets. The minor allele frequency for calculating link-
age disequilibrium statistics was set to 0.2 to minimize 
prediction error. Linkage disequilibrium was summa-
rized for each segment of 2,000,000 bp. For the simulated 
datasets, the number of segments was set to 30 (the size 
of each segment was 2,000,000  bp), and the number of 
simulated datasets was set to 1,000,000. Log-uniform pri-
ors on the effective population size (Ne) ranging from 10 
to 500,000 (log10-scale: 1–5.7) and on the recombination 
rate ranging from 0.1 × 10−8 to 1 × 10−8 were used. The 
generation time and mutation rate per site per generation 
were assumed to be identical to those described above. 
ABC estimates of population sizes were obtained using 
neural network regression with a tolerance of 0.001.

Demographic modeling was performed using fastsim-
coal v2.7 [71] to examine population differentiation and 
gene flow patterns. A multi-dimensional AFS among 
three local populations was generated using easySFS 
(https:/ /github .com/is aaco vercast/easySFS) from the 
data on a scaffold of > 100 kb in the all-sites dataset 2. A 
total of 48 demographic models were generated, focusing 
on the order of local population differentiation and the 
timing and extent of gene flow (Fig. S1), and compared 
using the AIC with the composite likelihood. We simulta-
neously estimated the time of population differentiation, 
the Ne of the present and ancestral populations, migra-
tion rates among the differentiated populations, and the 
time at which gene flow ceased among local populations. 
The last parameter was incorporated because, based on 
the geography, connectivity of freshwater systems, and 
the results of population structure analysis using nuclear 
genome data (see Results), there appeared to be no gene 
flow among the current local populations. The genera-
tion time and mutation rate per site per generation were 
assumed to be identical to those described above. To con-
firm convergence, fastsimcoal2 was run independently, 
100 times for each model, and the results for the run with 
the highest log-likelihood were obtained. Each run con-
sisted of 200,000 coalescent simulations (-n 200,000) and 
50 Expectation/Conditional Maximization (ECM) cycles 
(-L 50). The threshold for observed SFS entry count set as 
10 (-C 10). Following the method in Meier et al. [72], the 
likelihood estimation for each model was repeated 100 
times using the parameter values estimated in the run 
with the highest log-likelihood to compute the AIC dis-
tribution. The AIC distributions were compared across 
the models to estimate the best model. If the 95% interval 
of the AIC distributions did not overlap, the two models 
were considered significantly distinct. Non-parametric 
bootstrapping was used to obtain 95% confidence inter-
vals for each parameter in the model with the smallest 
AIC, as follows: first, the genome was divided into 1 Mb 

windows and 100 bootstrap genomes were created by 
randomly sampling the windows allowing for duplicates, 
to create a bootstrapped AFS. Using this AFS, fastsim-
coal2 was run 10 times independently for the AIC mini-
mum model to estimate the maximum likelihood of the 
parameters. Using the 100 parameter estimates obtained, 
95% confidence intervals were calculated.

Results
De novo whole-genome sequencing and resequencing
We obtained 1,159  M Chromium linked reads from a 
male Acheilognathus longipinnis genome and performed 
a draft genome assembly with 450 M linked reads using 
Supernova v2.0.0. The assembly size, number of scaf-
folds, N50, L50, and coverage for scaffolds > 1,000 b were 
813  Mb, 26,074, 3.4  Mb, 58, and 65×, respectively. The 
BUSCO scores were 84.2%, 2.9%, and 4.4% for single-
copy, duplicate, and fragmented genes, respectively, with 
8.5% missing.

As a result of whole genome resequencing of 24 A. lon-
gipinnis and one A. typus, on average 179.6 M reads (s.d. 
64.8 M reads) were obtained per individual, and the aver-
age coverage was 24.7 (s.d. 11.1) (Table S3). The number 
of sites in each dataset was as follows: SNP-only dataset 
1: 49,348 SNPs; SNP-only dataset 2: 97,456 SNPs; all-sites 
dataset 1: 103,441,976 sites with 2,211,353 SNPs; all-sites 
dataset 2: 595,883,484 sites with 6,299,888 SNPs; PSMC 
dataset: 1,191,189 SNPs on average.

Population structure
The PCA results showed that A. longipinnis had a distinct 
population structure, in which the three local popula-
tions were almost equally differentiated from each other 
(Fig.  2a). The mean FST and dXY values of 10  kb win-
dows across genome were also almost the same, rang-
ing from 0.22 to 0.34 for the FST and from 0.00721 to 
0.00789 for the dXY for each population pair (Fig.  2b). 
The mean π value was highest in the Osaka popula-
tion (0.00699 ± 0.00841  s.d.), followed by the Toyama 
population (0.00556 ± 0.00915) and the Nobi population 
(0.00484 ± 0.00707) (Fig. 2a).

ADMIXTURE analysis showed that the cross-valida-
tion error was the lowest for K = 2, followed by K = 1, and 
K = 3 (Fig. S2). For K = 2, the Toyama and Nobi popula-
tions were separated into independent populations, and 
the Osaka population was estimated to be a mixture of 
the two (Fig. 2c). The admixture coefficient of the Osaka 
population was almost constant, at approximately 25% 
for the Toyama component and 75% for the Nobi com-
ponent. For K = 3, each local population was estimated as 
independent (Fig. 2c).

The mean π value of the mitogenomes was much 
higher in the Osaka population (0.00112 ± 0.00063  s.e.) 
than the Toyama population (0.00028 ± 0.00018) and 

https://github.com/isaacovercast/easySFS
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the Nobi population (0.00007 ± 0.00006), whereas the 
mean h values were similar but highest in the Toyama 
population (0.9286 ± 0.0844), followed by the Osaka 
population (0.8214 ± 0.1007) and the Nobi population 
(0.8095 ± 0.1298) (Fig. 3).

Phylogenetic analysis
The nuclear genome phylogenetic tree supported clear 
differentiation among the three local populations of A. 
longipinnis. The neighbor-net showed that the position of 
the root by the outgroup (A. typus) was not clear, and the 
three populations were shown to have a nearly trifurcated 
relationship (Fig.  4a). The ML tree, reconstructed by 
SNP concatenated sequences, showed that the Toyama, 
Nobi, and Osaka populations were each monophyletic, 
with a sister relationship between the Toyama and Nobi 
populations. The tree was highly supported statistically 

(UFBoot = 100, SH-aLRT = 100) except for some terminal 
branches (Fig. 4b).

The mitogenome phylogenetic trees reconstructed 
using the ML and Bayesian methods showed very simi-
lar topologies, although there were some discrepancies 
around the branches with low statistical support (Fig. S3). 
The phylogenetic position of A. longipinnis within Achei-
lognathinae was similar to that reported by Kawamura et 
al. [16] and C. H. Chang et al. [30], with A. typus as a sis-
ter species (Fig. S3). The divergence time between A. lon-
gipinnis and A. typus was estimated to be 4.4 mya (95% 
credible interval: 3.15–5.74; Fig. S3), and the TMRCA 
of A. longipinnis to be 0.17 mya (0.11–0.26; Fig. 3). The 
relationships among the haplotypes of A. longipinnis 
were highly supported (UFBoot ≥ 94%, SH-aLRT > 83%, 
BPP > 0.98), except in some terminal parts of the tree 
(Fig. 3; Fig. S3). Haplotypes from the Toyama and Nobi 
populations were each monophyletic, whereas those 

Fig. 2 Results of the population structure analyses for Acheilognathus longipinnis. (a) Scatter plots for the principal components 1 and 2 with the value of 
genome-wide mean nucleotide diversity (π) for the three local populations. (b) Estimated pairwise genome-wide FST and dXY for the three local popula-
tion pairs. (c) Estimated individual admixture proportions using ADMIXTURE at K = 2 and 3
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from the Osaka population were paraphyletic and formed 
a monophyletic group together with those from the Nobi 
population (Fig. 3). The divergence time of the Nobi hap-
lotypes from the Osaka haplotypes was estimated to be 
0.05 mya (0.03–0.08; Fig. 3).

Demographic analyses
The PSMC’ results showed that each local population of 
A. longipinnis experienced a reduction in population size 
during the last glacial period (14–115 kilo years ago [73]; 
kya; Fig. 5). This trend was also supported by the MSMC 
results (Fig.  5). The Toyama and Nobi populations con-
tinued to decrease during the post-glacial period, 
whereas the Osaka population showed an increase of 
approximately 3–10 kya and decreased again between 1 
and 3 kya. The PopSizeABC results indicate a post-gla-
cial population size reduction in all the local populations: 
for the Toyama population, after ca. 0.5 kya, for Nobi 
population, during ca. 1–10 kya and after ca. 0.5, and for 
Osaka population, after ca. 0.5 kya (Fig. 5). The latest Ne 
values were estimated to be larger for the Toyama, Nobi, 
and Osaka populations, in this order. The results from 
PopSizeABC showed good agreement with the MSMC 
results for the Nobi and Osaka populations but exhib-
ited some discrepancies for the Toyama population in the 
1–10 kya range, where the former showed a population 
increase.

In demographic modeling, Model 48 was selected 
as the best fit model based on the smallest AIC value 
among all the 48 models, when the approximately 10× 

downsampled dataset was used to account for heteroge-
neous coverage between samples (Fig.  6, S4). The same 
result was also observed from the undownsampled data-
set (Fig. S5). This model assumed gene flow among the 
differentiated populations at every assumed time point 
and suggested that the Osaka population was the first 
to differentiate. However, in the downsampled dataset, 
several other models (Models 11, 27, 29, 41, and 47) also 
provided comparable fits to the data, with the 95% AIC 
interval overlapping with that of the best model (Δmean 
AIC = 2,026–6,957; Fig. S4). These models differed in 
terms of which population differentiated first. That is, 
although the Osaka population was the first to differenti-
ate in Models 40 and 47 as well, the Toyama population 
was the first in Model 11 and the Nobi population was 
the first in Models 27 and 29. All these models included 
the assumption of gene flow among the populations (Fig. 
S4).

In Model 48 (Fig.  6), the Osaka and Nobi–Toyama 
ancestral populations were initially differentiated at 109 
kya (T2; 95% confidence interval 2.48–252 kya), followed 
by a divergence between the Nobi and Toyama popula-
tions 3.75 kya (T1; 1.82–16.1 kya; Fig. 6; Table 2). Migra-
tion among the three local populations was estimated 
to have lasted up to 1.49 kya (Tm; 0.73–4.86 kya; Fig. 6; 
Table 2). The Ne of the ancestral population of the three 
local populations was estimated to be very large (NAn-
cONT: 10.2 × 105), while the relatively small Ne were 
estimated for the Nobi–Toyama ancestral population 
(NAncNT: 2.05 × 105) and those of the Osaka, Nobi, and 
Toyama populations (NO: 0.193 × 105, NN: 0.0943 × 105, 
NT: 0.104 × 105), although the 95% confidence intervals 
were all broad (Fig.  6; Table  2). While all the estimated 
Ne × migration rates were generally low, those from the 
Toyama population to the Nobi population (MIG3NT: 
2.39 /generation), from the Toyama population to the 
Osaka population (MIG6NT: 2.16), and from the Nobi 
population to the Osaka population (MIG8NK: 6.20) 
were comparatively higher than the rest, although the 
95% confidence intervals were also wide (Fig. 6; Table 2). 
The estimated parameters of the other five best models 
exhibited similar trends (Table S4).

Discussion
Population divergence
Our genomic study confirmed that specimens from each 
of the three local populations of Acheilognathus longipin-
nis clustered into three distinct, homogeneous genetic 
groups (Figs.  2 and 4). This finding is consistent with 
the results of previous studies based on partial mtDNA 
sequences and microsatellites [20, 22]. However, our 
results suggest a different scenario for the evolutionary 
history of populations compared to previous studies, 

Fig. 3 A time tree estimated using mitochondrial 13 protein-coding gene 
data of Acheilognathus longipinnis. The colors of the nodes indicate the 
posterior probabilities. Blue bars at nodes indicate 95% credible intervals. 
Only the A. longipinnis clade is shown. See Fig. S3 for the entire tree for 
Acheilognatinae
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particularly with respect to the order and timing of popu-
lation divergence and the effects of gene flow.

Regarding the order of differentiation of the three local 
populations, they were almost trifurcated. However, the 
nuclear genome ML tree indicated that the Osaka popu-
lation diverged the earliest with strong statistical support. 
This is also supported by the demographic modeling 
involving gene flow among the populations, although dif-
ferent tree topologies could not be statistically rejected. 
These results contradict those of Okazaki et al. [21] and 
Kitanishi et al. [20] based on partial mitochondrial DNA 
sequences (ND2 and 12 S), in which the Toyama popula-
tion differentiated first, followed by a divergence between 
the Nobi and Osaka populations. Our mitogenome phy-
logeny using 13 PCGs supported the results of previous 
mtDNA studies. Therefore, the discordance between the 
nuclear and mitochondrial DNA results is not attribut-
able to insufficient data, but rather strongly suggests that 
the phylogeny of the mitochondrial DNA, which is inher-
ited as a single linkage group, does not reflect the popula-
tion phylogeny.

The discordance between nuclear and mitochondrial 
DNA trees in A. longipinnis includes two aspects: the 

order of population differentiation (explained above) and 
the paraphyly of haplotypes from the Osaka population. 
The discordance between nuclear and mitochondrial 
(organelle) DNA phylogenies can generally be caused by 
hybridization, incomplete lineage sorting, or some mech-
anisms related to maternal inheritance of mitochondrial 
DNA (e.g., sex-specific differences in migration) [25, 74], 
although the latter is unlikely to apply to this species [11, 
12, 75]. In our mitogenome tree, although the parts of 
the Osaka population haplotypes formed a monophyletic 
group with all the Nobi population haplotypes, recent 
migration or hybridization can be ruled out because of 
the distinct differentiation of the Nobi haplotypes from 
the Osaka haplotypes, corresponding to 0.05 mya (Fig. 3). 
However, neither the possibility of traces of past gene 
flow (as discussed below) nor incomplete lineage sort-
ing can be completely ruled out as causes of nuclear and 
mtDNA discordance in this case.

Regarding the timing of local population differentia-
tion, the demographic modeling analysis suggested that 
differentiation of the three populations began with the 
separation of the Osaka population dating back from 2.48 
to 252 kya (95% confidence interval; maximum likelihood 

Fig. 4 Inferred phylogenetic relationships among Acheilognathus longipinnis using genome-wide 97,456 SNP data. (a) Neighbor-net based on the Ham-
ming distance. The values on the branches indicate bootstrap values. (b) Maximum-likelihood tree. The values on the branches indicate statistical support 
values of Shimodaira–Hasegawa-like approximate likelihood ratio test (left) and ultrafast bootstrap approximation (right)
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estimate, 109 kya), followed by the divergence of the 
Toyama and Nobi populations from 1.82 to 16.1 kya (3.75 
kya), under conditions of restricted gene flow. The confi-
dence intervals were wide, and the precision of the esti-
mates was low. However, the former interval value for the 
onset of population divergence included the TMRCA of 
the A. longipinnis mitogenomes, estimated to be 180 kya 
(median; 95% confidence interval: 115–254 kya). Despite 
the wide confidence range of the estimates, our results 
contradict the evolutionary history scenario of A. lon-
gipinnis proposed in previous studies [20, 21], in which 
the uplift of the Central Highlands (ca. 800–5,000 kya) 
and Suzuka Mountains (ca. 1,000–1,500 kya) triggered 

the detected genetic differentiation between local popu-
lations. These mountain uplift events have also been 
considered to be the cause of population differentiation 
patterns in more than a dozen freshwater fish species, 
and thus have been frequently used to calibrate the diver-
gence times between vicariant populations (and closely 
related species), including Acheilognathinae species (e.g., 
[76–79]). However, it has also been found that the degree 
of differentiation between local populations across these 
mountainous terrains varies [79], with some cases, such 
as those involving relict lineages that diverged long before 
the mountain uplift, not being attributed solely to vicari-
ance caused by the uplift (e.g., [80]). Our results suggest 

Fig. 5 Historical demography of Acheilognathus longipinnis estimated by pairwise sequentially Markovian coalescent approach (using msmc2; PSMC’), 
multiple sequentially Markovian coalescent approach (MSMC), and approximate Bayesian computation approach (PopSizeABC). In the MSMC results, the 
light lines represent the results of 30 block bootstrapping runs; in the PopSizeABC results, the lines represent the median values and the ribbons at 95% 
credible intervals. In all panels, the green background indicates glacial periods, and the red background indicates interglacial or post-glacial periods after 
300 kya
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that the formation of the current population structure of 
A. longipinnis was also influenced by other factors that 
occurred after mountain uplift (see the “Distribution his-
tory” section below). This highlights the importance of 
considering various distribution processes (i.e., dispersal, 
vicariance, and secondary contact), even among strictly 
freshwater fishes that cohabit.

Population demography and distribution history
Each local population of A. longipinnis was suggested 
to have experienced at least one population contraction 
during the last glacial period (14–115 kya; [73]). Histori-
cal demography analyses showed that the Ne of each local 
population declined by a factor of 0.1–0.5 during this 
period. As speculated by Kitanishi et al. [20], this may 
be due to the low temperatures and aridity during the 
glacial period [81, 82], which impeded the formation of 

floodplain environments to which A. longipinnis is highly 
dependent. In addition, the decline in population size 
may have been caused by the interruption of migration 
processes between the studied populations and other 
presumably existing populations.

Even in the post-glacial period, with a warmer and 
more precipitation-rich climate, floodplain species such 
as A. longipinnis are expected to be hindered in their 
population persistence and expansion because of the loss 
of plain areas due to sea-level rise. Our MSMC results 
suggest that the Toyama and Nobi populations experi-
enced a continuous population decline after the last gla-
cial period. In contrast, the Osaka population increased 
immediately after the end of the last glacial period. This 
may be attributed to the influence of Lake Biwa, the larg-
est lake in Japan (surface area, 670.3 km2; volume, 27.5 
km3), which is located in the Lake Biwa–Yodo River 

Fig. 6 The model with the smallest AIC in the demographic modeling for Acheilognathus longipinnis and the estimated parameters with a 95% confi-
dence interval. Tm: time point at which migration among the populations stopped; T1, time point at which the Nobi and Toyama populations differenti-
ated; T2, time point at which the Osaka population and the ancestral population of the Nobi and Toyama populations differentiated; NN, Ne of the Nobi 
population; NT, Ne of the Toyama population; NO, Ne of the Osaka population; NAncNT, Ne of the ancestral population of the Nobi and Toyama popula-
tions; NAncONT, Ne of the ancestral population of the three local populations; MIG1–8, migration rate among the three local populations or the ancestral 
population of the Nobi and Toyama populations
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system that the present Osaka population inhabits. Lake 
Biwa is located in a basin at an elevation of approximately 
86 m above sea level and has maintained a lake environ-
ment as large as the present one since 430 kya [83, 84]. 
This lake may have functioned as a habitat that allowed 
population expansion even when floodplain environ-
ments were greatly reduced on the Japanese islands due 
to global sea level rise during the post-glacial period (5–7 
kya; [85, 86]). The Osaka population showed the high-
est π values for both the genome-wide SNP data and 
the mitogenome among the three populations, which is 
consistent with this hypothesis. However, the temporary 
increase in the Toyama population after the last glacial 
period shown by PopSizeABC was inconsistent with the 
MSMC results; the reasons for this are unclear.

The demographic analysis for the more recent past sug-
gested a continuous population decline in all the local 
populations after 0.5 kya, comparable in magnitude to 
the decline during the last glacial period. There is a pos-
sibility that this inferred decline could be an artifact of 
the analysis, particularly due to the low levels of gene 
flow present, which could produce signatures of recent or 
ongoing bottlenecks [87]. However, the history of human 
migration and land modification, as well as the recent 
observation of the population decline of A. longipin-
nis, support the idea that our results reflect the demog-
raphy of this species. Humans, widely distributed in the 
Japanese Archipelago (first migration, 37–38 kya; semi-
sedentary Jomon culture, since 12 kya; Yayoi “wet rice” 
culture, since 2.3 kya; [88–90]), may have contributed to 
the population declines of A. longipinnis by converting 
floodplains into rice paddies and settlements, especially 
after the 1600s, when the human population exploded 
[91]. Over the past 150 years, humans have significantly 

altered floodplain environments through river modifica-
tion and land reclamation. Specifically, the Osaka popu-
lation of A. longipinnis was inferred to have experienced 
a drastic decline from 500 to 50 years ago, implying the 
strong influence of these factors on the Osaka Plain, 
which has been one of the largest urban areas in Japan 
for several hundred years. The low mean mitogenome h 
value in contrast to the high mean π value (for genome-
wide SNPs and mitogenomes) in the Osaka population 
suggests haplotype dropout and may reflect the recent 
population decline in this population. While all popula-
tions experienced rapid declines and were found to be 
very small in size, the observed nucleotide diversity was 
relatively high (0.00484–0.00699) compared to other 
threatened freshwater and marine fishes (0.00006–
0.0053) [92], possibly reflecting large population sizes in 
the past. Rapidly declining populations may accumulate 
deleterious mutations and therefore require specific con-
servation actions [93, 94].

Regarding the distribution history of A. longipinnis 
based on our results, the following processes are hypoth-
esized: (1) when A. longipinnis had a very large popula-
tion size and was more widely distributed than at present 
(10–1,000 kya), migration between plains and popula-
tion establishment were possible at low frequencies, even 
after the uplift of the Central Highlands and the Suzuka 
Mountains, through some biogeographic corridors (e.g., 
low watersheds, bypassing the mountains, or the coast-
line during low salinity timing); (2) the present distri-
bution was established as a result of continuous habitat 
shrinkage due to environmental changes during the gla-
cial period and human activities during the post-glacial 
period. Although the dispersal range of strictly freshwa-
ter organisms is undoubtedly restricted to contiguous 
water systems, our results suggest that the establishment 
of geographic barriers dividing the present water system 
may not necessarily have caused their population dif-
ferentiation; i.e., their dispersal capacity may have been 
underestimated.

Conclusion
The present study, based on mitogenome and whole-
genome data for the floodplain bitterling Acheilognathus 
longipinnis, provides a novel scenario for population dif-
ferentiation and demographic history and a fundamental 
basis for future conservation studies of this endangered 
species. The initial separation of the populations was 
inferred to have occurred within several hundred thou-
sand years, therefore more recently than previously 
assumed. This evolutionary scenario was unexpected, 
as mountain uplift in older times was assumed to be the 
main driver of population differentiation so far based on 
the species’ strong dependence on the floodplain envi-
ronment in the lowlands. Our results force us to consider 

Table 2 The estimated parameters and a 95% confidence 
interval for the Model 48 
Parameter Estimated value 95% L 95% U
Tm 1,493 730 4,863
T1 3,754 1,817 16,119
T2 108,735 2,482 251,621
NN 9,431 5,758 28,086
NT 10,496 5,766 30,774
NO 19,341 8,787 65,862
NAncNT 205,020 1,380 1,958,167
NAncONT 1,021,134 695,645 1,703,133
MIG1NO 0.005 0.000 31.478
MIG2NAncNT 0.378 0.000 36.409
MIG3NT 2.394 0.000 3.329
MIG4NN 0.025 0.000 7.857
MIG5NO 0.194 0.000 18.060
MIG6NT 2.158 0.000 3.255
MIG7NO 0.005 0.000 22.547
MIG8NN 6.204 0.000 11.578
Note 95% L/U means the lower/upper bound of the 95% CI
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the migration between plains isolated by mountains that 
occurred after the mountain uplift. Our findings suggest 
that such migratory potential in freshwater fishes, which 
has often been underestimated in analyses with limited 
genetic markers, is responsible for the differences in 
distribution and divergence patterns among other plain 
freshwater fishes [79]. The trends in population decline, 
possibly related to climate in the last glacial period and 
human activities, were revealed by reconstructing his-
torical demography over a wide range of timescales using 
whole genome information. In particular, the post-glacial 
decline, which was possibly related to human activities, 
was estimated to be as severe as that in the last glacial 
period, suggesting that the modification of floodplain 
environments by human activities had a significant 
impact on the population size of this species. Further 
genome-based comparative phylogeographic studies of 
co-distributed floodplain species could provide a more 
comprehensive framework to understand the evolution-
ary history and distribution mechanisms of freshwater 
organisms, detail human impacts on floodplain ecosys-
tems, and contribute to their conservation.
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