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The origin and evolution of polyploid organisms have been extensively

studied in plants, but this topic remains only partially understood in

vertebrates, where polyploidy is relatively rare. In this study, we used

Misgurnus anguillicaudatus, a fish that comprises five ploidy levels in nature,

as a model animal to improve our understanding of biogeographic history

and evolution of polyploid vertebrates. After collecting samples from different

geographical populations in China, their ploidy levels were determined using

flow cytometry. Two mitochondrial markers (cytochrome b and control region)

were then used for phylogeographic analyses to unravel the possible origins of

diploids and tetraploids in China. The results showed that diploids have wider

geographical distribution than tetraploids and triploids. There was no clear

allopatric geographical range or boundary to divide diploid and polyploid

populations. Rather, the analysis of mitochondrial DNA sequences indicated

that tetraploids were autopolyploids, with lower genetic diversity than

diploids. This suggests that tetraploids originated from sympatric diploids

via multiple independent polyploidization events. Genetic structure patterns

were similar between diploids and tetraploids, whereas complex genetic

differentiation was found among different regions. The potential origin of

M. anguillicaudatus was deduced to be in the Pearl River basin, which exhibited

the highest nucleotide diversity and genetic differentiation. These findings

provide insights into the evolution of polyploidy in vertebrates.
1. Introduction
Polyploidy, the state of having more than two homologous sets of chromosomes,

is known to generate genetic variation, drive genomic repatterning, facilitate evol-

ution of novel traits and enhance ecological transformation [1]. As a ubiquitous

process, polyploidy is thought to play a key role in plant evolution [2], but com-

pared to the high frequency of polyploidization in plants, polyploidization is rare

in animals [3]. However, polyploidization has been documented in some

vertebrate taxa, including teleost fishes, amphibians and reptiles [4,5]. Phylo-

genomic and comparative genomics studies indicate that several duplications

have occurred in the evolutionary history of this group of animals, including a

fish-specific genome duplication (FSGD) at the base of teleost radiation; so,

FSGD may have been a crucial factor driving the species diversity, genomic

complexity and astounding ecological diversity in the teleost evolution [6,7].

In different lineages of fishes, throughout Asia, Europe, America and Africa,

there are reports of triploids, tetraploids, pentaploids, hexaploids and even

octoploids [8,9]. Therefore, polyploid fishes are a good model to study the

evolutionary history and trajectory of polyploidization in vertebrates.

Misgurnus anguillicaudatus (Actinopterygii: Cypriniformes: Cobitidae) is a

small freshwater teleost with strong environmental adaptability, widely distribu-

ted in China, Japan, Korea and other Southeast Asian countries [10]. This species

is interesting from the scientific perspective for its natural variability in ploidy
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levels. Ojima & Takai [11] were the first to report the natural

occurrence of triploid (3n ¼ 75) and tetraploid (4n ¼ 100)

M. anguillicaudatus. Since then, researchers found that, along

with diploids (2n ¼ 50), which are the most common, some

wild loach populations in Japan also contain relatively high

proportions of triploid loaches [12,13]. In China, tetraploid

M. anguillicaudatus were frequently recorded in addition to the

most widespread diploids [14,15], and small proportions of tri-

ploids have been detected at several locations [16]. Some studies

have also reported the existence of specimens with rare ploidy

levels, including pentaploids (5N ¼ 125) [17] and hexaploids

(6N ¼ 150) [16]. Although the polyploidy phenomenon has

received ample scientific attention, previous studies of ploidy

level variation and geographical distribution of polyploid loa-

ches in China were limited to specific localities or regions. To

better understand the geographical distribution of polyploid

loaches across China, we sampled populations in seven major

river basins in mainland China. This study aims to identify

population boundaries and deepen our understanding of

polyploid population structure and distribution.

Phylogeography provides the framework to display causal

relationships between geography, ecological interactions and

the evolution of taxa [18]. The invention and development of

molecular tools has facilitated large-scale phylogeographic

studies. Mitochondrial DNA (mtDNA) sequences, especially

the cytochrome b (cyt b) gene and the control region (CR), are

frequently used in fish population genetics, phylogenetics

and evolutionary history studies [19]. The cyt b gene evolves

relatively slowly because it encodes a protein, whereas the

non-coding CR evolves rapidly in vertebrates owing to the

lack of coding constraints. With a high ratio of substitutions,

tandem repeat quantity changes and indels of variable length

[20], CR is believed to have a two to five times higher evolution-

ary rate than mitochondrial protein-coding genes. Previous

studies demonstrated that polyploidization not only spotted

some redundancy, but also causes nuclear enlargement, and

complicates the processes of managing and segregation

of chromosomes during cell division [21]. Meanwhile,

mitochondria play an active role in cell division and chromoso-

mal replication. Therefore, mtDNA sequence variation could

reflect the polyploidy-driven changes in genetic diversity

and evolution.

In this study, we performed a field investigation to reveal

the geographical distribution patterns of polyploid and diploid

M. anguillicaudatus populations across the Chinese mainland.

Moreover, phylogeny, genetic variability and intraspecific

structure were studied using cyt b and CR sequences. Sub-

sequently, we further explored the origin and evolutionary

history of polyploids in loach. This study shall help unravel

the phylogeography and evolutionary history of polyploidy

in M. anguillicaudatus.
2. Material and methods
(a) Samples
A total of 168 populations were sampled throughout the species’

distribution range across China, from seven major river basins:

Songhua River basin, Liaohe River basin, Haihe River basin,

Yellow River basin, Huaihe River basin, Yangtze River basin and

Pearl River basin [22]. Among these, 19 populations were not

included in the study owing to the small number of specimens

sampled. Sample size per population ranged from 22 to 70
specimens, with an average of 45 specimens per locality (electronic

supplementary material, table S1). Caudal fin and blood were

obtained from all sampled specimens. Caudal fins were preserved in

100% ethanol for subsequent DNA extraction and polymerase chain

reaction (PCR) amplification. On the basis of the ploidy analyses,

we further selected 351 specimens for sequencing of mtDNA

genes (electronic supplementary material, table S2).

(b) Determination of ploidy levels
Flow cytometry (FCM) is an accurate and convenient method to

detect variation in the ploidy level in large samples [23]. We col-

lected blood from the tail vein mainly following the protocol

described by Yu et al. [16]. Blood cells were suspended in 1 ml

staining buffer (Cystain DNA 1 step staining solution) for 3 min.

The FCM measurements were taken using an Elite flow cytometer

(CyFlow Space, Japan). Erythrocytes of karyologically identified

M. anguillicaudatus with 2n ¼ 50 were used as the diploid standard

(internal control) [24]. Chicken blood cells with known DNA con-

tent of 2.5 pg nucleus21 were used as an internal quantitative

standard for each specimen’s FCM profile [25].

(c) DNA extraction, polymerase chain reaction
amplification and sequencing

The total genomic DNA was extracted from ethanol-preserved fin

tissues using the phenol–chloroform extraction. Two mtDNA

regions, cyt b and CR, were amplified via PCR. For cyt b, we

designed a primer pair L14322 (50 GACTTGAAGAACCACC

GTTGTTATTCAAC 30) and H15576 (50 GCGCTAGGGAGGAA

TTTAACCTCC 30). For CR, we used primers designed by

Tang et al. [26]: DL1 (50 ACCCCTGGCTCCCAAAGC 30) and

DH1 (50 ATCTTA GCATCTTCAGTG 30).

For both sequences, reaction amplifications were carried out

in 20 ml reactions containing: 10 ml of each Premix Taq (TaKaRa

Taq v. 2.0 Plus dye), 0.5 ml of each primer, 1 ml genomic DNA

(100 ng ml21) and 8 ml distilled water. The amplification was per-

formed using the following conditions: for cyt b, 5 min at 948C,

35 cycles of 30 s at 948C, 30 s at 548C and 45 s at 728C, and a

final extension of 10 min at 728C; for the CR, conditions were

identical with the exception of annealing step temperature

(538C). The PCR products were sent to Quintarabio Biotech

Co., Ltd. (Wuhan, China) for purification and sequencing. Most

sequences (600 bp) were obtained with a single (forward)

primer, but to ensure the accuracy of nucleotide identification,

all specimens assigned to singleton haplotypes and all samples

showing double peaks at any nucleotide position were

sequenced in the reverse direction as well.

(d) Data analysis
In order to explore the relationship and genetic structure of diploid

and tetraploid loaches, we selected 22 locations that harboured

sympatric diploids and tetraploids (electronic supplementary

material, table S2). All nucleotide sequences (a total of 216 diploid

specimens and 135 tetraploid specimens) were initially aligned

using CLUSTALW implemented in MEGA 6.0 [27]. Haplotype diver-

sity (Hd), nucleotide diversity (p) and number of haplotypes (h)

were calculated using ARLEQUIN 3.5 [28] and DNASP 5.0 [29]. To

test the correlation between haplotype/nucleotide diversity and

geographical longitude and latitude, we conducted the Pearson

correlation analysis using SPSS 19.0.

To study the relationships between different ploidies and

among populations, phylogenetic trees were constructed using

two methods, maximum likelihood (ML) and Bayesian inference

(BI), using PHYML3.0 [30] and MRBAYES 3.1.2 [31], respectively.

MEGA 6.0 was used to select the T92þ G mtDNA substitution

models on the basis of the Bayesian information criterion [32] for

cyt b and CR. In the ML analysis, the statistical robustness of the
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resulting tree nodes was determined by 1000 bootstrap replicates.

The BI analysis also used the best-fit model of T92þ G (nst ¼ 2,

rates ¼ gamma). We ran 1 000 000 generations with four chains,

and trees were sampled every 100 generations with the first 2500

samples discarded as burn-in. Trees and posterior probabilities

were visualized with FIGTREE v. 1.4.2. In addition, to investigate

the relationship among haplotypes, a statistical parsimony haplo-

type network with median-joining (MJ) was built using NETWORK

4.6 [33], and each indel was treated as a single mutation event.

Analysis of molecular variance (AMOVA) and fixation indices

(FST) were calculated using ARLEQUIN 3.5 [34]. The significance of

the test was assessed using 10 000 permutations of each pairwise

comparison. Genetic distance calculations within/between popu-

lations were calculated using MEGA 6.0 under the Kimura 2

model. Isolation-by-distance (IBD) was examined by testing the

correlation between genetic distance FST/(12FST) and geogra-

phical distance for all populations using GENAlEX 6.5 [35].

We measured the geographical distance between sites using

the shortest waterway with GOOGLE EARTH v. 5 (electronic

supplementary material, table S3).

Historical population dynamics was investigated using

Tajima’s D [36], Fu’s Fs [37] and mismatch distributions of pairwise

differences [38]. Tajima’s D and Fu’s Fs implemented in ARLEQUIN

3.5, with the deviation from neutrality determined from 10 000

coalescent simulations. To test the population expansion hypo-

thesis, mismatch distributions of pairwise sequences were

calculated using ARLEQUIN 3.5 with 1000 bootstrap replicates.

To assess the historic migration pattern of M. anguillicaudatus,
we applied a coalescent-based approach using the Bayesian search

strategy implemented in MIGRATE-N v. 3.2.1 [39]. The full migration

model was conducted through a long chain of 1 � 105 recorded

genealogies with a sampling increment of 100 iterations. The

burn-in was set to 1 � 104 for each locus. To improve the Markov

chain Monte Carlo searches, an adaptive heating scheme with

four chains, with temperatures 1, 1.5, 3 and 1 000 000, and a

swapping interval of 1, was applied.
3. Results
(a) Geographical distribution of different ploidy levels
We genotyped and analysed a total of 7439 M. anguillicaudatus
specimens from 168 populations throughout its distribution

range in China, except for the western plateau. Three ploidy

levels were detected: diploid, triploid and tetraploid (figure 1).

Diploids were prevalent, with 97.03% of all specimens, followed

by 2.58% tetraploids and 0.38% triploids. Diploid specimens

were found at all 168 studied localities. In contrast with the

widely distributed diploids, polyploid populations were

primarily found at locations in the central Yangtze River

basin, namely Han River, Dongting Lake and Poyang Lake,

but some were also found in the Haihe and Pearl River basins:

triploids appeared at 14 localities (7.49%) and tetraploids at 27

localities (14.44%). Exclusively polyploid populations were not

detected. In more than 50% of the populations where diploids

and tetraploids were sympatric, triploids were not detected,

and we also recorded a co-occurrence of diploids and triploids

in a few populations where tetraploids were not present. In 11

populations, diploid, triploid and tetraploid specimens were

sympatric. In conclusion, there was no apparent pattern to the

ploidy composition in populations where polyploid specimens

appeared; distribution of polyploid specimens was limited to

some regions, but there were no clearly allopatric geographi-

cal ranges or boundaries dividing diploid and polyploid

populations of M. anguillicaudatus in China.
(b) Mitochondrial DNA sequence data and
phylogenetic structure

Partial CR and cyt b sequences were successfully amplified

from 351 samples of M. anguillicaudatus, among which 216

were diploids and 135 were tetraploids. Triploids were not

used owing to the small number of identified specimens and

their low statistical significance. CR sequences were 600 bp

in length and contained 162 variable sites, 140 of which were

parsimony informative. Cyt b sequences (607 bp) had 189 vari-

able sites, 173 of which were parsimony informative. Among

the 351 specimens, we found 134 CR haplotypes and 152 cyt
b haplotypes. There were 24 haplotypes shared by two or

more populations in the CR dataset, and 22 in the cyt b dataset.

Each population contained at least one distinct haplotype

(except for HP and LC from Han River and Haihe River

respectively in CR; electronic supplementary material, table

S2). The MJ network analysis and phylogenetic trees produced

by CR and cyt b had similar topologies, split into five lineages

(figure 2; electronic supplementary material, figures S1 and

S2). This phylogenetic division did not fully correspond to

the ploidy structure across the distribution range. Instead,

sympatric diploids and tetraploids generally clustered within

the same lineage, congruent with the geographical distri-

bution. Lineage I, spanning a comparatively extensive

geographical range, included samples mainly from the Han

River, Dongting Lake, Haihe River and some from the Pearl

River. Lineage II included only specimens from Poyang

Lake. Most Poyang Lake haplotypes grouped together, separ-

ated from other haplotypes, except for several haplotypes from

the Poyang Lake estuary, which grouped in lineage I. Lineage

III contained specimens from the Pearl River, and some speci-

mens from the ZJJ (from Dongting Lake) and HP (from the

Han River) populations. Lineage IV comprised specimens

from the Pearl River and ZJJ population. Lineage V consisted

of two haplotypes that were found only in the XZ population

(from the Pearl River), which was first separated (figure 2a,b)

and clearly differentiated from other lineages. Interestingly,

the haplotype structure of the Pearl River was complex,

where most of the GL samples grouped with lineage I, as

did approximately half of the PL samples (both from the

Pearl River). The rest of the GL and PL specimens clustered

in clades III and IV distantly separated from other lineages,

while the XZ population specimens formed a private hap-

logroup V. The results suggest multiple genetically distinct

sources of Pearl River populations. Diploid haplotypes from

HP and ZJJ grouped into clades III and IV, rather than group-

ing with sympatric populations in clade I. However, tetraploid

samples from HP and ZJJ haplotypes belonged to clade I

(electronic supplementary material, figure S2).
(c) Genetic diversity and population structure
We investigated whether geographical locality influences the

genetic diversity in M. anguillicaudatus. Population genetic

diversity variation was very similar in CR and cyt b analyses

(table 1). The lowest haplotype and nucleotide diversities

were detected in the populations of Haihe River, whereas

the Pearl River populations were characterized by highest

nucleotide diversity. Haplotype and nucleotide diversities

in the three rivers of the Yangtze River basin exhibited

high diversity values. In the lineage analyses, the highest

haplotype and nucleotide diversities were discovered in the
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Figure 1. Geographical distribution of the 168 sampled populations. Dashed lines delineate the seven major drainage areas. Detailed information is available in the
electronic supplementary material, table S1. (Online version in colour.)
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populations of lineage II, whereas the lowest were identified in

lineage V (electronic supplementary material, table S4).

As regards the ploidy level, both diploid and tetraploid

populations were characterized by high haplotype diversity

values, but diploid populations had slightly higher nucleotide

diversity values than tetraploids (electronic supplemen-

tary material, table S5). The diversity of both datasets (CR

and cyt b) exhibited a negative correlation with latitude, i.e.

haplotype and nucleotide diversity in both datasets decreases

from south to north. Nucleotide diversity also decreased from

west to east (visualized in the electronic supplementary

material, figure S3).

Results of the AMOVA based on two mtDNA fragments

revealed significant genetic differentiation among the popu-

lations of M. anguillicaudatus (electronic supplementary

material, table S6). AMOVA revealed no genetic differentiation

among different ploidy levels, as the interploidy variance
component indices were negative and differences were not

statistically significant ( p . 0.05). By contrast, geographical

regions and genetic lineages contributed substantially more

than ploidy levels to the population structure (genetic differen-

tiation); and we identified genetic differentiation among

different regions ( p , 0.001) and lineages ( p , 0.001). Genetic

distances among the five basins (1.749–5.357% for CR and

3.168–10.686% for cyt b) were notably higher than that

within each basin (0.149–2.484% for CR and 0.117–4.697%

for cyt b), except for the Pearl River, with extremely high intra-

basin values of 6.474% and 9.869% for CR and cyt b,

respectively. Among the intrapopulation genetic distances,

XZ exhibited the highest value. In pairwise comparisons

between location and population differentiation (FST), most

population pairs (85.3% for CR and 76.6% for cyt b) were

significantly different after Bonferroni’s correction (electronic

supplementary material, table S7).



(a) (b)

(c) (d)

Figure 2. The structure of 22 mixed-ploidy M. anguillicaudatus populations inferred using cyt b and CR sequences (electronic supplementary material, tables S1 and
S2). ML phylogenetic trees based on cyt b (a) and CR (b) datasets. Numbers above the branches correspond to the bootstrap support values (only values greater than
50% are shown). Clades are highlighted with different colours: yellow, lineage I; blue, lineage II; red, lineage III; green, lineage IV; black, lineage V. Maps showing
the frequencies of the five clades in 22 populations in the cyt b (c) and CR (d ) datasets. (c) and (d ) panels differ only in the proportion of lineage V in the XZ
population: 57% in cyt b, and 53% in CR; and lineage III in the GL population: 13% in cyt b, and 15% in CR. Basins are coloured with different backgrounds: blue,
Haihe River; green, Han River; pink, Dongting Lake; yellow, Poyang Lake; grey, Pearl River. (Online version in colour.)
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IBD was tested in diploid and tetraploid populations

separately. In the cyt b dataset, comparison of FST versus dis-

tance (km) revealed non-significant IBD for tetraploid

populations (one-tailed Mantel’s tests: r ¼ 0.216, p ¼ 0.067),

but significant IBD for diploid populations (r ¼ 0.345, p ¼
0.002). For CR, tetraploid and diploid populations exhibited

significant IBD (diploid: r ¼ 0.23, p ¼ 0.018; tetraploid: r ¼
0.236, p ¼ 0.036). When we tested for IBD across mixed-

ploidy populations, we also found that genetic distance

increased with geographical distance in both datasets (CR:

r ¼ 0.14, p ¼ 0.045; cyt b: r ¼ 0.39, p , 0.001). In conclusion,
genetic relationships among these populations are distance-

dependent.

No evidence for demographic expansion was observed in

multimodal mismatch distribution patterns (electronic sup-

plementary material, figure S4a–j), or non-significant values

for Fu’s Fs and Tajima’s D index ( p . 0.05) (table 1) in the

Han River, Dongting Lake, Poyang Lake and Pearl River, for

which the expansion hypothesis was rejected. However, oppo-

site neutrality test results were observed in the Haihe River,

which may have been caused by the limited data available

for this locality.



Table 1. Genetic diversity indices and results of neutrality tests based on cyt b and CR datasets. (n, number of samples; h, number of haplotypes; Hd,
haplotype diversity; p, nucleotide diversity; numbers in italics indicate statistically significant results ( p , 0.05).)

sequence region n h Hd p Fu’s Fs Tajima’s D

cyt b Haihe River 25 6 0.367 0.00117 23.279 22.064

Han River 130 55 0.954 0.03115 27.579 20.267

Dongting Lake 47 24 0.966 0.04358 2.053 0.144

Poyang Lake 98 57 0.985 0.03963 29.441 0.450

Pearl River 51 22 0.938 0.08729 12.519 2.177

CR Haihe River 24 4 0.678 0.00149 20.088 0.275

Han River 128 41 0.936 0.01662 25.976 20.908

Dongting Lake 47 27 0.966 0.02378 22.370 0.412

Poyang Lake 95 51 0.973 0.01490 29.503 20.730

Pearl River 49 20 0.915 0.05917 8.978 1.378

(a) (b)

Figure 3. Migration of diploid populations (a) and tetraploid populations (b) estimated using MIGRATE-N. The arrows represent the direction of migration and their
thickness is proportional to the number of migrants. (Online version in colour.)
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(d) Gene flow between regions and populations
We used MIGRATE-N to infer the putative migration history, the

effective population sizes and migration rates of diploids and

tetraploids among regions and lineages (figure 3; electronic sup-

plementary material, table S8). Estimates of directional gene flow

in regions indicated that the migration among the tetraploid

populations was lower than among the diploid populations.

The migration among the tetraploid populations was also predo-

minantly symmetrical (Nm¼ 0.49–0.72), with the exception of

the migration rates from Dongting Lake and Pearl River to

Poyang Lake (Nm¼ 1.29 and 1.28, respectively), which were

almost two times larger than the gene flow in the opposite direc-

tion (figure 3b). By contrast, the migration between diploid

populations was asymmetrical, exhibiting a general trend of

migration towards the localities in the Yangtze basin, with

north! centre, south! centre and west! east as dominant

migratory directions (figure 3a). The diploid data showed that

the populations at the ends of the sampled range (Pearl River

and Haihe River) contributed to the genetic diversity across
the central portion of the range (Nm¼ 0.89–1.64 and 0.80–

1.11, respectively, electronic supplementary material, table S9),

while they rarely received migrants (Nm¼ 0.63–0.69 and

0.04–0.09, respectively). When comparing diploids and

tetraploids, all diploid gene flow between populations was

higher than tetraploid gene flow, except for the migration rates

towards the Haihe River (electronic supplementary material,

table S9). A similar migration pattern was also inferred in the

lineage analysis (electronic supplementary material, table S8).

The migration between diploid populations was asymmetrical,

with south! centre (lineage III/IV to lineage I/II) and west

! east (lineage I to lineage II) directions, whereas the migration

between tetraploid populations was symmetrical.
4. Discussion
In this study, diploid cytotypes were the dominant ploidy

level, continuously distributed all over China. This is in
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agreement with previous studies, both in China [16] and Japan

[12]. The distribution of polyploids was fragmented, and they

were mixed with diploids, which is also in agreement with pre-

vious studies [17]. The absence of a clearly defined

geographical range or boundary for the distribution of diploids

and polyploids of M. anguillicaudatus is in disagreement with

studies in amphibians [40] and plants [41], where polyploids

usually exhibit regular biogeographic patterns. The mtDNA

analyses suggest a high level of genetic diversity and signifi-

cant differentiation of populations in the Pearl River basin.

Our data also indicate that the Pearl River basin could be the

potential origin centre of M. anguillicaudatus, as the basal line-

age V comprised only populations from this basin. However,

there is no apparent geographical underpinning for samples

from two Pearl River locations (GL and PL) and Han River clus-

tering together, so we hypothesize that the most likely

explanation for this anomalous result is human-mediated

movement, which can generate complex genetic structuring

at regional and local scales and affect population genetic pat-

terns [42,43]. In other river basins, phylogenetic analysis

results were congruent with geographical distribution, which

is in agreement with previous studies [44].

Sympatric tetraploid and diploid specimens belonged to

the same lineages and shared the same haplotypes. This was

also observed before [45]. AMOVA revealed that populations

did not exhibit a significant structuring by the ploidy level.

From the theoretical standpoint, a single origin of polyploidy

would result in a single ancestral mtDNA haplotype, and des-

cendants of the original polyploid should form a single lineage.

Therefore, the lack of monophyly of polyploids strongly

suggests that they originated from diploids via multiple inde-

pendent autopolyploidization events. This hypothesis is in

agreement with a proposal that M. anguillicaudatus is an auto-

tetraploid [46]. Multiple independent polyploidization events

and recurrent formation of polyploid lineages are the norm

in many species, not only in plants [47], but also in animals,

including ostracods [48], reptiles [49], amphibians [50] and

fishes [51–53].

Owing to polysomic inheritance, which enables them to

maintain three or four alleles at a single locus, polyploids can

have higher heterozygosity than diploids, so in some cases,

polyploids can have higher environmental adaptability than

their diploid counterparts [2]. As a result, polyploids are

often able to occupy new habitats and survive a broader

range of environmental conditions, i.e. they can be highly inva-

sive [53]. Greater ecological amplitude, such as higher

tolerance to altitude and extreme conditions, in comparison

to their diploid progenitors has been demonstrated in some

polyploid plants and animals [54,55]. Also, in some species,

geographical distribution of diploids can be a subset of the dis-

tribution of polyploids, with Plantago media [56] and Veronica
chamaedrys [57] as examples. In M. anguillicaudatus, we found

an opposite pattern of cytotype distribution, in which poly-

ploids exhibited a localized, fragmented distribution. Thus,

our results indicate that in the current situation, polyploid M.
anguillicaudatus specimens/populations probably exhibit

slightly decreased fitness levels in comparison to diploids.

Although the presence of palaeopolyploidy indicates that

genome duplication is not always an evolutionary dead-end,

the long-term survival of some ancient polyploids does not

mean that genome multiplication necessarily leads to evol-

utionary innovations and increased diversity [58]. Both of

our datasets consistently indicated a slightly higher nucleotide
and haplotype diversity in diploids than in tetraploids. Also,

while there was a definite directionality in the migration pat-

terns of diploid populations, tetraploid populations exhibited

low, symmetric migration rates, which indicates low dispersal

ability. These results indicate that diploids possess better

environmental adaptation abilities than tetraploids, which con-

forms to the pattern that recently originated polyploids usually

fail to persist and diversify at lower rates. Our findings there-

fore suggest that multiple tetraploidization events occurred

independently in M. anguillicaudatus populations on numerous

occasions and in different regions, and that the observed fre-

quencies of polyploids in some M. anguillicaudatus
populations are probably a consequence of relatively high

rates of their formation, rather than their high fitness. This is

in agreement with observations in some other species [59,60].

Historically, geological events, such as the Qinghai-Tibet

Plateau orogeny, would occasionally re-shape and re-arrange

the drainage systems in the studied range [61]. This includes

the formation of the Yangtze River, with its predominant

west-to-east flow [62]. Evolutionary histories (including dis-

persion and gene flow) of many fish taxa were affected by

these events [63]. We hypothesize that the northward

migration pattern of diploid M. anguillicaudatus was also influ-

enced by the geological history: during the Last Glacial

Maximum (LGM), the sea level dropped significantly, the

ancient coastline advanced significantly into the (nowadays)

sea, and the continental shelf was mostly exposed (became

land). This, along with relatively arid climate, often caused

water shortages in the Yangtze River basin [64]. As opposed

to this, the aquatic habitats in the lower Pearl River reaches

were likely to be less affected by these events [65]. The Pearl

River to Yangtze River migration pattern observed in our

study (figure 3a; electronic supplementary material, tables S8

and S9) supports a hypothesis that when the water levels

rose with the subsequent post-LGM warming, populations

inhabiting the Pearl River basin colonized the available

habitats in the Yangtze River basin. A similar scenario was

proposed for Hemiculter leucisculus populations [66]. The

southward migration pattern, with more migrants moving

from the Haihe River to the Yangtze River than in the reverse

direction (figure 3a; electronic supplementary material, table

S9), may have been driven by more recent events, namely the

construction of the Beijing-Hangzhou Grand Canal, which

directly connected the Haihe River and the Yangtze River

2500 years ago.
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