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Abstract 

Elucidating the emergence and maintenance of cryptic diversity is a major focus of evolutionary biology. Integrative 
taxonomy is widely considered as the best practice for delimiting cryptic species and exploring cryptic speciation. 
This approach is used here to study the Leptobotia citrauratea complex, a group of small-sized loaches so far found 
in subtropical floodplains and hills of eastern China. A total 170 specimens were collected from 24 sampling sites, 
encompassing geographical variations and divergent habitas. Six putative species, out of which two are cryptic, 
were delineated by integrating molecular (two mtDNA and three nuDNA genes) and morphological analyses. These 
species constituted three ecotypes, exhibiting phenotypic disparities concordant with a habitat transition from high- 
to low-flow environments. Phenotypic similarities among them were shown to not align with their phylogenetic 
relationships but closely correlate with habitat utilization. Convergent evolution, driven by similar selective pressure 
associated with habitat-specific use, likely accounts for the cryptic diversity unveiled in the recently diverging spe-
cies complex. The diversification of this species complex began in the late Pliocene, coinciding with tectonic activi-
ties in the subtropical region of eastern China. Subsequent rapid differentiation during the Pleistocene was possibly 
driven by regional climate fluctuations. This evolutionary trajectory highlights the crucial roles of geological, climate 
and ecological factors in shaping biodiversity in this region.
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Introduction
Cryptic species are biological entities which cannot read-
ily be morphologically discernible [1]. The appreciation 
of cryptic diversity has remarkably increased with the 
use of molecular techniques in taxonomy [2]. While the 
incorporation of genetic data into taxonomic research 
poses a great challenge to traditional taxonomy relying 
on morphological evidence [3], this data used alone to 
delimit species may run a risk of misidentification of pop-
ulation-level structure as putative species, thus leading to 
over-splitting of species in taxonomic works [4, 5]. The 
integration of multiple lines of evidence, such as mor-
phology, genetic, biogeography, behaviors, and ecology is 
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recognized as a prefered practice for delimiting morpho-
logically indiscernible or cryptic species [5–7].

Elucidating the processes responsible for cryptic spe-
ciation remains a key focus of evolutionary biology, as 
it provides unique opportunities to understand the ori-
gin of species and study phenotypic similarity, genetic 
differentiation and divergence times [8, 9]. Cryptic spe-
ciation may occurs via diverse evolutionary trajectories 
[1], among which convergence is ubiquitously viewed as 
one of potential explanation [2, 10]. It involves the emer-
gence of similar phenotypes in distantly related species in 
response to similar selective pressure [11, 12]. Compari-
sons between morphological characters and molecular 
phylogenetic analyses have demonstrated many cases of 
convergent evolution in fish groups, including stickle-
backs in northern Europe, North Amecia and Northeast 
Asia [13, 14], as well as cyprinids, cichlids, mormyrids, 
and spiny eels in tropical Africa [15–19]. Recently, phe-
notypic convergence in distantly related evolutionary 
lineages was unravelled in an alpine stone loach from 
western China [20]. Research on freshwater fishes in 
the subtropical region of eastern China have until now 
provided no empirical example of phenotypic conver-
gent evolution. Convergence, however, is believed to be 
common, occurring at all biological levels from DNA 
sequences to communities [21, 22].

Subtropical China extends from the eastern Tibetan 
Plateau to the vast expanse of the Pacific Ocean, span-
ning a latitudinal range from the Qingling Mountains-
Huai-He line (34°N) to the southern tropical region 
(20°N) [23]. This region experienced geological tectonic 
uplift during the late Miocene to the Pliocene, leading to 
diverse topography and various habitats that promoted 
biotic diversification [24, 25]. Besides, climatic oscil-
lations related to glacial cycles during the Pleistocene 
played a curical role in shaping biodiversity and leaving 
genetic imprints on rapid splitting lineages [26, 27]. The 
subtropical region of China is thus considered as a center 
of speciation and renowned for a high species diversity 
and endemicity [24]. It may have served as a floristic 
‘museum’ and an evolutionary ‘cradle’ for woody plants 
[28]. For animals, the influence of Pleistocene geological 
and climatic changes on contemporary genetic struc-
turing within and among extant species has been well 
studied [29]. However, the role of ecological factors in 
species diversification remains under-explored. Habi-
tat transition has been indentified as one of the driving 
forces for species diversification in freshwater fishes [30], 
for instance, the European whitefish, threespine stickle-
back, Arctic char, and Triportheus characins in Amazon 
[31], as well as gudgeons in Japan [32]. Obviously, most of 
these cases, if not all, targeted at the temperate and tropi-
cal, but not subtropical region.

The botiid genus Leptobotia Bleeker, including 20 
currently-identified species (excluding S. zebra so far 
referred to Sinibotia; [33]), has a concentrated distri-
bution in subtropical China, with L. pellegrini into the 
Red River (in northern Vietnam) and L. flavolineata 
extended into the Hai-He (in northern China) [34–37]. 
It was resolved as a monophyletic group in phyloge-
netic analyses of the Cobitoidea [38] and the Botiidae 
[39]. Within Leptobotia, the L. citrauratea complex 
(hereafter LCC) includes four species spanning sub-
tropical floodplains and hills of eastern China, namely 
L. brachycephala Guo & Zhang, L. citrauratea (Nich-
ols), L. hansuiensis Fang & Hsu, and L. micra Bohlen 
& Šlechtová [37]. Recent taxonomic works of the LCC 
[36, 37] reinforce that re-examination of genetically 
distinct lineages can discern previously oversighted 
but subtle diagnostic characters, leading to the release 
of involved species from phenotypic cryptic species. 
It is thus anticipated that more cryptic species of the 
LCC will be detected with more careful examination on 
morphology of genetically distinct lineages and more 
sampling in its known range.

The LCC is a candidate group for exploring cryptic 
diversity and deciphering processes underlying mor-
phological crypsis. Phenotypic convergence maybe pass 
unnoticed among closely related species, and the key role 
of selection in generating phenotypic and species diver-
sity may be underestimated for morphologically similar 
congeneric species of a single origin [16]. This is the case 
for the LCC that has been resolved as a monophyletic 
group within Leptobotia [37]. Since 2000, the number 
of Leptobotia species has increased by around one third 
(from 14 to 20), with half of higher species contributed by 
the LCC. The distribution of LCC, covering subtropical 
floodplains and hills of China (Fig. 1), falls within the East 
Asian monsoon climate region characterized by spatially 
heterogeneous and temporally dynamic landscapes. This 
complex topography is accountable for cryptic diversity 
in freshwater fishes of this region [40, 41].

Here, we explore the species diversity of the LCC utiliz-
ing molecular species delimitation analysis with a specific 
focus to recover genetically divergent lineages. Then, we 
examine morphological variations among these lineages 
using multivariate statistical analysis, aiming to assess 
whether they are phenotypically cryptic. These results 
incorporate geographic disparity and ecological diver-
gence to delimit species of the LCC, and explore their 
phylogeographic pattern and underlying processes of 
species diversification. Our study can provide an empiri-
cal example for phenotypic convergent evolution in sub-
tropical floodplains and hills of eastern China, and also 
highlights the role of habitat transition in generating 
cryptic diversity. This study will extend our knowledge 
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about the species diversification of the LCC, and provide 
basic information for its diversity conservation.

Material and methods
Taxon sampling and laboratory procedures
With the permission of the fisheries departments of the 
Chinese government, we carried out fish sampling in 

field surveys. A total of 170 specimens of the LCC (Tables 
S1-S2) were captured from 24 sampling locations across 
their known range in the subtropical region of China 
(Fig. 1). Detail information of the GPS cordinates of sam-
pling locations and the date of sampling were given in 
Table S3. All fish were first totally immersed and deeply 
anesthetized with tricaine methane sulfonate (MS-222, 

Fig. 1  Sampling localities of the six clades or putative species of the LCC. Distinct colors indicate different clades (brown: Coastal river Clade; green: 
Han-Jiang Clade I; orange: MCJ lowland Clade; purple: MCJ montane Clade; yellow: Huai-He Clade; and red: Han-Jiang Clade II; see details in the text)
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0.15 g/L) until losing all rhythmic opercular movements 
for a minimum of 5 min, then they were either preserved 
in 95% ethanol for DNA extraction or initially fixed in 
10% formalin and then transferred to 70% ethanol for 
morphological examination and permanent curation. 
Among them, 111 and 132 specimens were respectively 
used for molecular and morphological analysis (Tables 
S1-S2). All voucher specimens are deposited in the ich-
thyological collection of the Institute of Hydrobiology 
(IHB), Chinese Academy of Sciences, Wuhan City, Hubei 
Province, China.

DNA extraction, amplification, and sequence analyses
Genomic DNA was extracted from fin clips stored in 
ethanol using the TIANamp Genomic DNA Kit (Tian-
gen Biotech, Beijing) with the recommended protocol. 
Two mitochondrial (mtDNA) genes (cytochrome b, cyt b; 
cytochrome c oxidase subunit I, COI) and three nuclear 
(nuDNA) genes (rhodopsin, RH1; early growth response 
2b, EGR2B; myosin heavy polypeptide 6, myh6) were 
amplified, and sequenced. The PCR reaction solution 
(25 μl) contained 1 μl of each primer, 1 μl template DNA, 
12.5 μl Master mix Taq (Beijing TsingKe Biotech Co. Ltd.) 
and 9.5 μl double distilled water (dd H2O). The informa-
tion about primer pairs and thermocycling conditions are 
given in Table S4. Sequences were assembled in SeqMan 
v.7.1 implemented in the DNAStar software package and 
aligned using MAFFT v.7.4 [42]. Heterozygous positions 
in nuclear genes were resolved by PHASE algorithm [43] 
in DnaSP v.6.0 [44] (Table S5).

Phylogenetic analyses
PhyloSuite v.1.2 [45], which is a desktop platform inte-
grating several phylogenetic and bioinformatic tools and 
therefore streamlining the entire analytical procedure, 
was used for phylogenetic analysis. Bayesian Inference 
(BI) and Maximum likelihood (ML) were used in our 
phylogenetic analyses based on separate mtDNA and 
nuDNA dataset. ModelFinder [46] was used to select the 
best-fit partition model (Edge-linked) applying BIC cri-
terion [47] for every gene by codon position separately. 
The result of the best-fit partition model for every gene is 
provided in Table S6.

MrBayes v.3.2.6 [48] was used for Bayesian analysis fol-
lowing the best partitioning strategy assessed by ModelF-
inder, applying the Markov Chain Monte Carlo (MCMC) 
method with four chains (three hot chains and one cold 
chain) running simultaneously for 20,000,000 generations 
to calculate posterior probability. Trees were sampled 
for every 1000 generations. The initial 25% of sampled 
data were discarded as burn-in. Sufficient mixing of the 
chains was viewed to be reached when the mean stand-
ard deviation of split frequencies was below 0.01. The ML 

phylogenies were inferred utilizing IQ-TREE v.1.6.8 [49] 
under Edge-linked partition model assessed by ModelF-
inder for 20,000 ultrafast [50] bootstraps. The Shimo-
daira–Hasegawa–like approximate likelihood-ratio test 
(SH-aLRT) [51] for LCC in ML tree was performed 1000 
replicates using IQ-TREE.

The genetic distances for mtDNA genes were calcu-
lated with MEGA v.7.0 [52] between and within each 
clade of the LCC, based on the uncorrected p-distance 
model.

Population genetic analyses
To visualize the relationships among putative species, 
haplotype network was constructed for the combined 
mtDNA dataset using the TCS method [53] in PopART 
v.1.7 [54]. For the concatenated nuDNA dataset, popu-
lation genetic structure was conducted in STRU​CTU​
RE v.2.3 [55]. The number of genetic clusters (K) was set 
from 1 to 6 with 10 independent runs using 1,200,000 
MCMC generations after a burn-in of 200,000 repeats. 
Structure Harvester [56] program was used to identify 
the most likely value of K. Then, average coefficients of 
individuals across replicate runs were calculated using 
CLUMPP v.1.1.2 [57]. Finally, Distruct v.1.1 [58] was used 
to produce the genetic structure plots.

Species delimitation and species tree
Three species delimitation methods were used to delin-
eate putative species: the assemble species by automatic 
partitioning (ASAP) [59], bayesian implementation of 
the PTP model (bPTP) [60] and multi-rate Poisson tree 
processes (mPTP) [61]. ASAP is the implementation of 
a hierarchical clustering algorithm which utilizes pair-
wise genetic distances (Jukes-Cantor, Kimura 2-param-
eter and simple p-distance). Species delineation analysis 
was perforemd through uploading aligned fasta file to the 
online server website of ASAP (https://​bioin​fo.​mnhn.​fr/​
abi/​public/​asap). mPTP incorporates different levels of 
intraspecific genetic diversity which were derived from 
differences in the evolutionary history or sampling of 
each species. Unrooted ML trees created by IQtree was 
analyzed in the online server website of mPTP (http://​
mptp.h-​its.​org). bPTP is an updated version of the origi-
nal maximum likelihood PTP. It adds Bayesian support 
(BS) values to delimit species on the input tree. Unrooted 
BI trees created by MrBayes was analyzed in the online 
server website of bPTP (https://​speci​es.h-​its.​org/​ptp/).

A multilocus coalescent-based species tree analysis was 
run via StarBeast [62] as implemented in BEAST v.2.6 
[63]. Alignments of individual markers cyt b, COI, RH1, 
EGR2B, and myh6 were used. An initial species assign-
ment was carried out based on mtDNA phylogenetic 
analysis. The substitution models of each gene marker 

https://bioinfo.mnhn.fr/abi/public/asap
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were calculated by ModelFinder [46]. All clock models 
were set as uncorrelated lognormal relaxed clock. Two 
independent replicates were performed for 50,000,000 
MCMC generations with sampling every 1000 genera-
tions in BEAST. Convergence and effective sample size 
(ESS) were checked utilizing TRACER v.1.7 (http://​beast.​
bio.​ed.​ac.​uk/​Tracer) [64] to ascertain that all parameters 
of ESS values are above 200. A cladogram of the species 
tree was visualized in DensiTree v.2.2 [65].

Morphological analyses
Twenty-four morphometric measurements from 106 
individuals of the LCC were selected. Following the 
methods of Kottelat [66], measurements taken on the left 
side of each individual were taken point to point with dig-
ital calipers directly linked to a data-recording computer 
and data recorded to the nearest 0.01  mm. The lateral 
head length (HL) and measurements of other parts of the 
body were given as percentages of standard length (SL), 
and measurements of parts of the head were expressed as 
proportions of HL. Principal components analysis (PCA) 
implemented in Past v.3.2 [67] with a variance–covari-
ance matrix was used to analyze morphological varia-
tions and visualize the bidimensional distribution of the 
putative species. All measurements were log transformed 
prior to the analysis. To explore the effects of habitat 
types on specific morphological traits, ratios were calcu-
lated as follows: HL to SL, dorsal-fin length (DFL) to SL, 
upper caudal-fin lobe length (UCL) to SL, anal-fin length 
(AFL) to SL, and caudal-peduncle depth (CPD) to its 
length (CPL). Analysis of variance (ANOVA) and Tukey’s 
HSD post hoc tests were used to evaluate variations of 
these traits in the LCC.

Vertebral numbers were counted from photographs of 
Micro-CT (X-ray-based micro-computed tomography) 
to compare morphological variations among 94 individu-
als of the LCC. The fishes were scanned with a Skyscan 
1276 micro-CT instrument (Bruker microCT, Kontich, 
Belgium) using the following settings: source voltage, 
55  kV; source current, 200μA; AI 0.25  mm filter; pixel 
size 8 μm; rotation step, 0.3 degree. The images were then 
reconstructed with NRecon software (Bruker microCT, 
Kontich, Belgium).

Divergence time estimation
The age of major divergence events of the LCC was 
estimated in BEAST v.2.7 [63] based on the combined 
mtDNA and nuDNA dataset (cyt b, COI, RH1, EGR2B, 
and myh6). Two fossil records are used as calibration 
points to infer the time: the fossil of †Cobitis longipec-
toralis from the late early Miocene (set in analysis with 
normal. Mean = 19.5 Mya; standard deviation = 1.0) of 
East China, which is the best-preserved and earliest 

cobitid fossil known so far [68], and the origin of the 
Cyprinini (sensu [69]) dating back at least to the late 
Eocene (set in analysis with normal prior. Mean = 39.0 
Mya; standard deviation = 1.0) based on the fossil of 
†Eoprocypris maomingensis [70]. The Yule speciation 
model and the strict clock were selected as priors. The 
best substitution models of each gene were calculated by 
ModelFinder [46]. Three independent replicates were run 
for 50,000,000 MCMC generations with sampling every 
1000 generations. Log and tree files were combined by 
LogCombiner v.2.7 (BEAST 2 package). ESS were again 
checked in TRACER v.1.7 (http: //beast.bio.ed.ac.uk/
Tracer) [64]. A maximum clade credibility (MCC) tree 
was built in TreeAnnotator v.2.7 (BEAST 2 package) with 
the first 10% of the trees discarded as burnin.

Reconstruction of habitat types
Since no available information regarding habitat require-
ments of species of the LCC, preferred habitat of each 
species is determined based on our observations during 
fieldworks and habitat-mediated morphological charac-
ters detected in this study. Three habitat types (low flow, 
medium flow and high flow) were selected for ancestral 
state reconstruction. Three habitat types were mapped 
onto the ML tree yielded from the concatenated dataset 
of five genes, with maximum likelihood approach and the 
model Mk1of trait evolution (which allows multiple char-
acters and equal probability of change among the habitat 
types scored) as implemented in Mesquite v.3.81 [71].

Results
Molecular species delimitation
Within the LCC, 4433 bp nucleotides were obtained from 
two mtDNA and three nuDNA genes: cyt b (1098  bp), 
COI (1026 bp), RH1 (764 bp), myh6 (735 bp), and EGR2B 
(810 bp). Their detailed information is given in Table 1. 
The monophyly of the LCC was strongly confirmed in our 
molecular phylogenetic analyses based on the separate 
mtDNA, nuDNA, and combined mtDNA and nuDNA 
dataset (Figs.  2, 3 and 4). The discordance between the 
mtDNA and nuDNA tree was unveiled.

For the mtDNA dataset, the BI or ML tree, inferred 
based on combined genes, were concordant in the rev-
elation of six major well-resolved clades (Fig.  2B). The 
six clades of the LCC were significantly supported by the 
SH-aLRT (p > 0.05; Fig.  2B).The six clades corresponded 
to the six major haplotype groups yielded in the TCS 
analysis (Fig.  2A), without any haplotype shared among 
them. These clades also corresponded to five geographi-
cal populations (Fig.  1); two clades were detected for 
the Han-Jiang population. To facilitate result presenta-
tion and interpretation, they are hereafter referred to 
as: Coastal river, Han-Jiang I, Han-Jiang II, MCJ (middle 

http://beast.bio.ed.ac.uk/Tracer
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Chang-Jiang) lowland, MCJ montane (including the Li-
Jiang), and Huai-He Clade (see Fig. 4 and the discussion 
section for details on species delineation for each clade).

The nuDNA dataset-based BI or ML tree generated 
a vast different phylogenetic structure (Fig.  3C). The 
Han-Jiang clade II (red) was strongly supported (PP = 1; 
BS = 95; SH-aLRT support = 0.92) to nest with the 
remaining five clades. The Han-Jiang clade I (green) and 
Coastal river clade (brown) remained stable, but with 
poorly supports and low SH-aLRT support (PP < 0.5; 
BS < 50; p < 0.05), and the other three clades were inter-
twined to constitute a paraphyletic entity. The structure 
analysis of the nuDNA dataset indicated that the most 
likely numbers of clusters (K) were 2 and 5 (Fig.  3B). 
When K = 2 was accepted, one cluster corresponded to 

the Han-Jiang clade II, and the other was represented by 
the remaining clades (Fig. 3A), consistent with the phylo-
genetic analyses based on the nuDNA dataset. At K = 5, 
the bar plots suggested that each of the Coastal river 
clade, and Han-Jiang clades I and II formed its own clus-
ter, but the Huai-He, MCJ lowland and montane clades 
shared admixed ancestry in the remaining two clusters 
(yellow and purple) (Fig. 3A).

The genetic distance of two mtDNA genes based on 
the uncorrected p-distance model among the six clades 
of the LCC are provided in Tables  2 and 3. The genetic 
distance among them varied from 1.2% to 3.9% for the 
COI gene, and from 2.0% to 5.1% for the cyt b gene, 
greater than their intra-clade genetic distance of 0–0.3% 
and 0–0.4%. The genetic distance of three nuDNA genes 

Table 1  Sequence characteristics of two mtDNA and three nuDNA genes in the LCC

Gene Length Variable sites Parsimony informative 
sites

Mean frequency (%)

A C G T

cyt b 1098bp 123 108 28.6 29.6 13.9 27.8

COI 1026bp 265 241 24.6 27.2 19.9 28.3

RH1 764bp 13 13 19.1 27.7 23.6 29.5

myh6 735bp 11 10 32.0 20.6 23.1 24.3

EGR2B 810bp 5 4 22.0 37.5 21.4 19.0

Fig. 2  Bayesian inference (BI) tree (A) and TCS network (B) inferred from the combined mtDNA dataset for the LCC. Only the BI tree is presented, 
given that its topology is generally congruent with that of the maximum likelihood (ML) tree. Black nodal numbers indicate posterior probabilities 
and bootstrap values obtained in the BI/ML analyses; only values ≥ 0.5 and ≥ 50% are represented. Red nodal numbers indicate SH-aLRT support. 
Distinct colors represent the corresponding species. The circle sizes in TCS network represent the number of individuals
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Fig. 3  Genetic structure plots of K = 2 and 5 (A); ΔK values of the different number of clusters (B); and the BI tree (C) inferred from the concatenated 
nuDNA dataset for the LCC. Only the BI tree is presented, given that its topology is generally congruent with that of the ML tree. Black nodal 
numbers on major branches indicate posterior probabilities and bootstrap values obtained in the BI/ML analyses; only values ≥ 0.5 and ≥ 50% are 
represented. Red nodal numbers indicate SH-aLRT support. I: Coastal river Clade, II: MCJ lowland Clade, III: MCJ montane Clade, IV: Huai-He Clade, V: 
Han-Jiang Clade I; and VI: Han-Jiang Clade II

Fig. 4  A cladogram of the species tree with the consensus trees based on the combined mtDNA and nuDNA is visualized on the left. The results 
of multiple species delineation analysis (ASAP, bPTP, mPTP, structure, morphometry (including PCA and vertebral count) and geography are shown 
on the right. Colored bars represent the six clades (or putative species) of the LCC. Grey rectangles with the number “1” mean that two taxa should 
be collapsed into one
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was not calculated due to too few variable sites to provide 
useful information for species delineation.

Species delineation analyses of the combined mtDNA 
dataset using ASAP, bPTP and mPTP methods showed 
very strong support for the recognition of the six clades 
as putative species; the same result was repeated in the 
multilocus coalescent-based species-tree analysis using 
combined mtDNA and nuDNA datasets (Fig.  4). Out 
of six distinct species here delineated, four are formerly 
described species: L. citrauratea (MCJ lowland Clade), L. 
brachycephala (Coastal river Clade), L. hansuiensis (Han-
Jiang Clade II) and L. micra (MCJ montane Clade). The 
other two cryptic species are respectively represented by 
the Han-Jiang clade I and the Huai-He clade, which are 
temporarily named as L. aff. citrauratea HJ and L. aff. cit-
rauratea HH.

Morphological distinction
Significant phenotypic disparities among the six clades, 
here detected within the LCC, were discerned in the PCA 

performed for 24 morphometric measurements (Table 4). 
The first three components accounted for 93.78% of the 
total variance, of which 81.58%, 8.31% and 3.89% were 
explained by PC1, PC2 and PC3, respectively (Table  4). 
The visualization of the PC1 and PC2 showed that these 
clades except L. citrauratea and L. micra were separated 
from each other (Fig. 5A). Apart from L. micra, L. citrau-
ratea and L. aff. citrauratea HJ, the other clades were dis-
tinct from each other in the scatter plot of the PC2 and 
PC3 (Fig.  5B). In other words, each of five geographic 
populations exclusively grouped together; L. citrauratea 
and L. micra are indiscernible in terms of morphomet-
ric data, but both had a distinct body coloration in dor-
sal and caudal fins and contrasting habitat propensities. 
The former, with hyaline dorsal and caudal fins, exhibits 
a preference slow-flowing or sluggish deep waters, while 
the latter has two (basal and median) black bands across 
the dorsal fin and two or three W-shaped black bands on 
the caudal fin, and prefer to dwell in fast-running waters. 
Significant differences among the six clades were found 

Table 2  Uncorrected intra- and interspecific p-distances of the COI gene computed by MEGA 7 among the six clades of the LCC

Species Within Between

1 2 3 4 5

1. L. brachycephala
(Coastal river Clade)

0

2. L. aff. citrauratea HJ
(Han-Jiang Clade I)

0 0.022

3. L. citrauratea
(MCJ lowland Clade)

0.002 0.021 0.020

4. L. micra
(MCJ montane Clade)

0.003 0.018 0.020 0.012

5. L. aff. citrauratea HH
(Huai-He Clade)

0.002 0.031 0.028 0.023 0.020

6. L. hansuiensis
(Han-Jiang Clade II)

0 0.038 0.037 0.039 0.035 0.038

Table 3  Uncorrected intra- and interspecific p-distances of the cyt b gene computed by MEGA 7 among the six clades of the LCC

Species Within Between

1 2 3 4 5

1. L. brachycephala
(Coastal river Clade)

0.000

2. L. aff. citrauratea HJ
(Han-Jiang Clade I)

0.001 0.024

3. L. citrauratea
(MCJ lowland Clade)

0.004 0.028 0.023

4. L. micra
(MCJ montane Clade)

0.003 0.030 0.021 0.020

5. L. aff. citrauratea HH
(Huai-He Clade)

0.003 0.037 0.026 0.032 0.033

6. L. hansuiensis
(Han-Jiang Clade II)

0.000 0.048 0.041 0.042 0.045 0.051
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in head length, caudal-peduncle length, upper caudal-fin 
lobe length, and dorsal- and anal-fin lengths among the 
PC2 axis (Table 4; Fig. 6) For the visualization of the PC1 
and PC3, the six clades cannot be well distinguished (Fig. 
S1).

The six clades of the LCC also varied in vertebral 
counts made from Micro-CT photographs (see Fig. S2). 
L. aff. citrauratea HH, L. citrauratea and L. micra had 
fewer vertebral counts (32–34) than the other three 
clades (35–40), while the higher counts (37–40) were 
found in L. hansuiensis and L. brachycephala (Fig. 7); L. 
aff. citrauratea HJ had an intermediate vertebral count 
(35–36) (Fig. 7).

Divergence time estimation
The estimated time, with a 95% highest posterior density 
(HPD), is provided in Fig.  8. The most recent common 
ancestor (MRCA) of the LCC dated back to 3.34 Ma (95% 
HPD: 2.18–5.18). Following the deepest divergence of L. 
hansuiensis, L. brachycephala and L. aff. citrauratea HJ (a 
sister species pair) subsequently split from the remaining 

three clades 1.95  Ma (95% HPD: 1.14–3.14). The esti-
mated divergence time between L. brachycephala and L. 
aff. citrauratea HJ was 1.55  Ma (95% HPD: 0.77–2.62). 
L. aff. citrauratea HH branched off from the sister clade 
pair (L. citrauratea and L. micra) 1.82  Ma (95% HPD: 
1.03–3.14), and the sister clades diverged from each other 
1.17 Ma (95% HPD: 0.57–2.10).

Habitat transition
Three types of habitats (high, medium, and low flow) 
are identified for species of the LCC based on our 
observations during fieldworks and phenotypic distinc-
tions (Figs.  5 and 9), corresponding to three ecotypes 
that are each represented by a pair of species: the high-
flow ecotype (L. brachycephala and L. hansuiensis), the 
medium-flow ecotype (L. micra and L. aff. citrauratea 
HJ), and the low-flow ecotype (L. citrauratea and L. aff. 
citrauratea HH) (see the discussion).

The result of habitat reconstruction showed the LCC 
ancestor had experienced multiple habitat types (Fig. 9). 
The nearest relatives of the LCC, such as L. compressi-
cauda and L. rotundilobus, share some morphological 
traits (e.g., the high vertebral counts and a fusiform body) 
specialized to the fast-running water lifestyle with L. han-
suiensis at the base of the topology of the molecular phy-
logenetic tree. It is rational to speculate that high-flow 
species of the LCC represent the historical state of habi-
tat; low-flow habitats are more specializations for L. cit-
rauratea and L. aff. citrauratea HH. It was inferred that 
the LCC, during its southeastern invasion of the subtrop-
ical floodplains and hills of eastern China, experienced 
one transition from high-flow to medium-flow habitat in 
the ancestor of L. aff. citrauratea HJ, one transition from 
low-flow to medium-flow habitat in the ancestor of L. 
micra, and one independent transition from high-flow to 
low-flow habitat in L. aff. citrauratea HH and L. citrau-
ratea (Fig. 9).

Discussion
Hidden species diversity
Unappreciated species diversity is unveiled in the cur-
rent taxonomy of the LCC. The six clades, detected in the 
mtDNA dataset-based phylogenetic analysis (Fig. 2), were 
delimited utilizing different delineation methods as puta-
tive species (Fig. 4), concordant with the six major haplo-
type groups yielded in the TCS analysis (Fig. 2A). More 
importantly, the species delineation of the six clades is 
corroborated by their morphological distinctions. These 
clades correspond to five geographical populations 
(Fig.  1), which are discerned by the combination of five 
morphometric measurements (caudal-peduncle, head, 
and median fin lengths) and vertebral number (Figs. 5, 6 
and 7). Two clades of the mid-lower Chang-Jiang basin 

Table 4  Loadings of morphological measurements on the first 
three principal components. Variables in bold indicate higher 
loading values

Variable PC1 PC2 PC3

Standard length 0.209 -0.166 0.076

Body depth 0.262 0.276 0.019

Head length 0.182 0.051 0.051

Head depth at nape 0.210 0.189 -0.024

Head depth at eye 0.199 0.138 -0.081

Caudal-peduncle length 0.252 -0.509 -0.029

Caudal-peduncle depth 0.214 -0.115 0.047

Caudal-peduncle width 0.225 -0.073 -0.923
Dorsal-fin length 0.224 0.282 0.017

Pectoral-fin length 0.199 0.174 0.011

Pelvic-fin length 0.194 0.125 -0.008

Anal-fin length 0.211 0.278 -0.006

Upper caudal-lobe length 0.185 0.195 0.082

Predorsal length 0.205 -0.138 0.081

Prepectoral length 0.178 0.009 0.082

Prepelvic length 0.212 -0.057 0.103

Preanal length 0.205 -0.091 0.093

Vent to anal-fin origin 0.212 -0.450 0.197
Pelvic-fin insertion to anal-fin origin 0.208 -0.165 0.062

Snout length 0.169 0.046 0.066

Postorbital head length 0.187 -0.015 0.063

Eye diameter 0.191 0.073 0.052

Interorbital width 0.156 0.190 0.181
Median caudal-ray length 0.178 -0.128 -0.058

Cumulative variance (%) 81.575 8.311 3.887
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were identified, in terms of their dorsal- and caudal-fin 
colorations (Fig.  9) and contrasting habitat preferences. 
Multiple lines of evidence are thus integrated to sup-
port the delineation of six separate species in the LCC. 
Out of the six distinct species here delineated, four are 
previously described species: L. citrauratea (MCJ low-
land Clade), L. brachycephala (Coastal river Clade), L. 

hansuiensis (Han-Jiang Clade II) and L. micra (MCJ 
montane Clade). The other two cryptic species are 
respectively represented by the Han-Jiang clade I and the 
Huai-He clade, which are temporarily named as L. aff. 
citrauratea HJ and L. aff. citrauratea HH.

The cyt b gene distance between paired clades of the 
LCC (Table  3) are equal to or more than the threshold 

Fig. 5  Scatterplots of the PC1 and PC2 (A) and PC2 and PC3 (B) based on 24 morphometric measurements among the six clades (or putative 
species) of the LCC. Distinct colors indicate different species or clades, brown: Coastal river Clade (L. brachycephala); green: Han-Jiang Clade I (L. 
aff. citrauratea HJ); orange: MCJ lowland Clade (L. citrauatea); purple: MCJ montane Clade (L. micra); yellow: Huai-He Clade (L. aff. citrauratea HH); 
and red: Han-Jiang Clade II (L. hansuiensis). Caudal-peduncle length and caudal-fin shape at extreme values of the PC2 axis are shown in B 
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Fig. 6  The ratios of the DFL (dorsal-fin length) to SL (standard length) (A), UCL (upper caudal-lobe length) to SL (B), AFL (anal-fin length) to SL (C), 
CPD (caudal-peduncle depth) to CPL (caudal-peduncle length) (D), and HL (head length) to SL (E) for the six clades or putative species of the LCC. 
Analysis of variance (ANOVA) results are also shown. Different lowercase letters indicate significant differences between populations (Tukey’s test: 
p < .05)
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Fig. 7  Differences in vertebrae number among the six clades of the LCC. Colour denotes putative species

Fig. 8  Divergence time estimation of the main events inferred in BEAST2 for the LCC. Blue bars on the nodes represent 95% highest posterior 
density (HPD). Two red dots indicate fossil calibrated nodes
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(2.0%), a cut-off value widely used to denote intraspecific 
variation [52]. Their COI gene distance ranged from 1.2% 
to 3.1% (Table  2); the minimum value, here calculated 
between the Coastal river clade and the MCJ montane or 
between the MCJ lowland and montane clade, was less 
than 2%, a phenomenon also encountered in freshwater 
fishes of subtropical China [72, 73]. The Tachysurus simi-
lis complex, a recently-diverged bagrid assemblage con-
sisting of four allopatric clades, were recently delineated 
as four putative species, despite lower inter-clade genetic 
distances (1.1% to 1.3% for the cyt b gene) [41]. This case 
is exemplified by the LCC except for the Han-Jiang clade 
II. Given that the five clades constituted a recently split-
ting assemblage whose MRCA dated back to 1.95  Ma 
(95% HPD: 1.14–3.14) (Fig.  8), their low inter-clade 
genetic divergences (Tables 2 and 3) are unsurprising.

The Han-Jiang clade II remained constant in the 
nuDNA dataset-based phylogenetic and structure 
analyses (Fig.  3A-C), supporting its delineation as 
putative species to some extent. Although the remain-
ing five clades cannot be distinguished well by nuclear 
genes, they were discernible by morphology, diver-
gent habitats, ASAP, bPTP and mPTP methods. The 
Huai-He calde, Coastal river clade and Han-Jiang clade 
I were easily identified by multivariate morphomet-
ric and vertebral numbers (Figs.  5, 6 and 7). For the 

MCJ lowland and montane clade, the ASAP, bPTP and 
mPTP methods (Fig.  4), coupled with their distinct 
body colorations and divergent preferred habitats as 
noted above, verify the delimitation of the two clades 
as separate species.

The mito-nuclear discordance observed between dif-
ferent datasets is plausibly elaborated by either incom-
plete lineage sorting or introgression, especially for 
groups of recent adaptive radiation [10]. It is commonly 
known that mtDNA locus is a more sensitive indicator 
of recent divergence compared with nuDNA loci which 
is more lagging to detect any change in population 
structure resulting from a lack of clear genetic struc-
ture among vertebrate groups [74]. This phenomenon 
is found in the suckers genus Moxostoma (Teleostei: 
Cypriniformes: Catostomidae), whose interspecific 
relationships were not well resolved by the conserved 
nuclear gene [75]. In our study, the mito-nuclear DNA 
mismatch for the Huai-He, Coastal river, Han-Jiang, 
MCJ montane and lowland clade is probably a result 
of incomplete lineage sorting instead of introgression, 
provided the recent divergence of six putative species 
within the LCC. Single nucleotide polymorphism (SNP) 
analysis can be useful to recover more genetic variation 
for these clades in the future research that is beyond 
the scope of this study, but underway.

Fig. 9  Reconstruction of habitat types of the LCC using the ML trees obtained from the five combined genes. Color circle at the tip 
of the phylogenetic tree indicates current habitat types. Pie charts on the nodes represent the probability of the ancestral state for each node. 
Photographs of the three habitat types are depicted at the bottom. Lateral views of freshly-captured specimens of the LCC are positioned 
at the right
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Phenotypic congruence
The phylogenetic pattern of the six species, inferred 
based on molecular datasets (Figs.  2 and 4), does not 
reflect morphological similarity among them. Rather, 
these species exhibited a morphological change towards 
caudal-peduncle deepening, head elongation, and 
median (dorsal, anal, and caudal) fin prolongation along 
the PC2 axis (Figs.  5 and 6), accompanied by a general 
trend of decreasing vertebral counts (Fig.  7). These pat-
terns coincide with a habitat transition from high- to 
low-flow environments. Both L. citrauratea and L. aff. 
citrauratea HH occur in lowland reaches of rivers, con-
trasting with the other four species usually found in mon-
tane streams (Figs.  1 and 9). Compared with L. micra 
and L. aff. citrauratea HJ (Figs. 6 and 7), both L. brach-
ycephala and L. hansuiensis are well adapted to more 
fast-running waters as they had higher vertebral counts 
and shallower caudal peduncles (see explanation below). 
Given that habitat-mediated morphology is pervasive in 
fish [76, 77], the overall body plan in the LCC is closely 
related to habitat utilization.

Based on phenotypic differentiation and habitat diver-
gence, three ecotypes can be identified for the LCC. The 
high-flow ecotype is represented by L. hansuiensis and L. 
brachycephala that constituted a distinct cluster in the 
PCA (Fig.  5), and had more vertebrae (37–40) than the 
remaining species (Fig. 7). The phenotypic extremity on 
the other is the low-flow ecotype shared with L. aff. cit-
rauratea HH and L. citrauratea that are found in sluggish 
or slow-running deep waters (Fig.  9A-B). The medium-
flow ecotype is exemplified by both L. aff. citrauratea HJ 
and L. micra, with a distinct morphology from the high-
flow species (Fig.  6); the two hillstream species shared 
lower vertebrae counts (32–36) with the low-flow spe-
cies (Fig.  7). Morphological differentiations among the 
three ecotypes likely implies divergent selective pressure 
between habitats with stark contrasts at least in water 
flow and substrate structure (see elaboration below).

Each ecotype comprises two morphologically and eco-
logically similar, yet non-sister species within the LCC. 
This is putatively a result of phenotypic convergent evo-
lution in response to similar selective pressure of habitat-
specific utilization, as observed in West African Labeo 
parvus-like species, which include many distantly related 
putative species [18]. The mechanisms underlying this 
convergent pattern within the LCC warrant comprehen-
sive research, emphasizing the need for rigorous quan-
tification of ecotypes and a quantitative assessment of 
environmental variables. Nevertheless, the interplay of 
habitat structural complexity and water flow has been 
shown to prompt fish species in lotic environments to 
evolve towards greater degrees of convergence [78]. 
This may also apply to the species pairs gathered in each 

ecotype of the LCC, where phenotypically convergent 
species are actually distantly related.

The most prominent phenotypic differentiation among 
the three ecotypes is the number of vertebrae, a major 
functional trait of fish structure closely associated with 
feeding, swimming, and predator avoidance. Its vari-
ations have been reported to be related to taxonomic 
groups, body shape and size, as well as environmental 
factors (e.g., temperature) [79, 80]. A positive correla-
tion between body size and vertebral counts, previously 
reported for galaxiid fishes [81], was not found for the 
LCC as three relatively larger-sized species (L. aff. cit-
rauratea HJ, and L. aff. citrauratea HH, and L. han-
suiensis, with higher scores of the PC1; Fig. 5) differed in 
their vertebral counts (Fig. 7). The elevated vertebrae of 
L. hansuiensis and L. brachycephala did not align with 
the expectations derived from Joran’s rule, which states 
that vertebral count in fish increases with latitude (inter-
preted as a proxy for temperature) [79]. Three species (L. 
aff. citrauratea HH, L. citraurata, and L. micra) had no 
significant variation in this count (Fig.  7), despite their 
different latitudinal distributions (Fig. 1). A covariation of 
vertebral number with elevation, previously found for the 
neotropical characid genus Rhoadsia [82], was not rep-
licated in L. micra and L. citrauratea from the highland 
and lowland reaches of the Xiang-Jiang and Gang-Jiang, 
respectively. Coexisting L. hansuiensis and L. aff. citrau-
ratea HJ in the Han-Jiang differd in their vertebral counts 
(Fig. 7).

Rather, it has been unravelled that higher vertebral 
counts can give rise to finer segmentation and greater 
flexibility of the body, which is advantageous for intersti-
tial species [83]. Increased flexibility enable fish to exhibit 
multiple bends in their bodies [84]. Notably more flexible 
bodies, resulting from heightened vertebral numbers in 
L. hansuiensis and L. brachycephala, facilitate fish to con-
ceal themselves in crevices or beneath stones in high-flow 
habitats. Additionally, the two high-flow species pos-
sess longer caudal peduncles, as expected by the steady-
unsteady swimming performance model for fish in lotic 
environments [76, 85]. The combination of an elongated 
caudal peduncle and a greater vertebral number results 
in enhanced body flexibility, which promotes swimming 
performance in lotic habitats. More likely, L. brachyceph-
ala and L. hansuiensis have convergently evolved a more 
flexible body form which is well-adapted for more faster-
running waters compared to other species within the 
LCC, thereby facilitating their access to available under-
water interstitial habitats.

Evolutionary history
The distribution pattern of the six species, detected 
for the LCC in the subtropical China, maybe has been 
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shaped by geological, climatic, and ecological factors 
(e.g. habitat transition). The first species to split within 
the LCC is L. hansuiensis currently found in the upper 
Han-Jiang (Figs. 2, 3 and 4). Its diverging time, dated at 
3.34 Ma (95% HPD: 2.18–5.18) (Fig. 8), is broadly consist-
ent with the tectonic activities in the Daba Mountains 
during 3.0–3.4 Ma [86], following the rapid uplift of the 
Himalaya-Tibetan Plateau and the evolution of Asian 
monsoons during 2.6–3.6 Ma [87]. Apparently, this spe-
cies evolved in response to the geological uplift of the 
Daba Mountains and the subsequent development of the 
Han-Jiang, given its preference for lotic habitats.

The sister group of L. hansuiensis forms a monophyl-
etic lineage that experienced rapid diversification. A sig-
nificant portion of genetic divergence is observed within 
the five included species, but with only a minor fraction 
of this divergence distributed among them (Fig.  2B). 
This phenomenon is generally interpreted as evidence 
for rapid diversification [88]. Their most recent common 
ancestor (MRCA) was dated at 1.95 Ma (95% HPD: 1.14–
3.14) (Fig.  8), which broadly aligns with the Pleistocene 
glacial history of East Asia. Unlike North America and 
Western Europe, most regions of East Asia did not expe-
rience extensive ice coverage during the Pleistocene [89]. 
However, lineage diversification over this period has been 
documented for numerous animal species [29]. Climatic 
fluctuations, leading to range expansion and contrac-
tion, have been identified as key drivers of interspecific 
and intraspecific differentiations in many freshwater 
fishes [40, 41, 90]. As a result of these repeated climatic 
events, the ancestor of the LCC (excluding L. hansuien-
sis) was able to extend from the upper Han-Jiang further 
southeast, eventually occupying the present distribution 
range of its descendant species and undergoing rapid 
diversification.

The sister species relationship between L. aff. citrau-
ratea HJ (from the Han-Jiang) and L. brachycephala 
(from coastal rivers of southern Zhejiang Province), as 
revealed by our molecular analysis (Fig.  8), presents an 
unusual phylogeographical pattern, particularly given 
the vast geographical gap between them. This pattern 
becomes even more intriguing when considering geologi-
cal evidence that suggests the modern East Asian conti-
nental shelf was once linked into a single landmass during 
the Pleistocene [91]. The fish faunistic similarity across 
the East Asian mainland, Korean Peninsula, and Japanese 
Archipelago supports the hypothesis of an ancient hydro-
logical network of rivers and lakes in this region [92, 93]. 
The existence of this ancient alluvial system is further 
suggested by the shared occurrence of species such as 
the Southeast China population of the freshwater crab 
Sinopotamon yangtsekiense [94] and the bullhead cat-
fish Tachysurus albomarginatus [41] in the Huai-He and 

lower Chang-Jiang basins, and Coastal rivers of southern 
Zhejiang Province. In addition, a potential past linkage 
between the upper Han-Jiang and Huai-He is implicated 
in the network geometry that their mainstreams flow in 
the same direction (Fig. 1). In this context, the ancestor 
of the allopatric sister pair L. aff. citrauratea HJ and L. 
brachycephala is speculated to have a greater southeast-
ern extension of the upper Han-Jiang, through the Huai-
He and lower Chang-Jiang basin, into Coastal rivers of 
southern Zhejiang Province. The descendant population 
in the Han-Jiang ultimately evolved into L. aff. citrauratea 
HJ and those in the Ou-Jiang and Qu-Jiang into L. brach-
ycephala. However, the hypothesis regarding the once 
east-flowing upper Han-Jiang into the Huai-He requires 
further verification through the discovery of freshwater 
fishes or other aquatic species shared with both rivers. 
The sister species relationship between L. aff. citrauratea 
HJ and L. brachycephala remains to be testified in future 
research utilizing a broader array of molecular markers. 
Such research will provide deeper insights into the evo-
lutionary history and biogeography of subtropical China.

Leptobotia aff. citrauratea HH (from the Huai-He) 
displays an allopatry with its sister group made up of L. 
citrauratea and L. micra, both mainly known so far from 
the mid-lower Chang-Jiang basin (Fig.  1). Acting as the 
water parting between the mid-lower Chang-Jiang and 
Huai-He basin, Tongbai-Dabie Mountains are com-
monly known to arise during the early Mesozoic [95], 
much more earlier than the splitting time between L. 
aff. citrauratea HH and its sister group dated at 1.82 Ma 
(95% HPD: 1.03–3.14) (Fig. 8). Their allopatric pattern is 
unlikely attributed to the vicariant event triggered by the 
uplift of these mountains. Provided that the time to the 
MRCA of L. aff. citrauratea HH, L. citrauratea, and L. 
micra (Fig. 8) is consistent with the current consensus on 
tectonic evolution in East Asia, their widespread ances-
tor in the Huai-He and mid-lower Chang-Jiang basin was 
possibly achieved, via the aforementioned ancient alluvial 
system existing at 3.5 to 0.8  Ma [96], during the period 
of glaciations. As glaciers retreated, the ancestral popu-
lation became isolated and rapidly evolved into separate 
species.

Habitat transition is unveiled here to play a crucial role 
in species diversification of the LCC. The ancestral state 
reconstruction showed that at least two independent 
transitions to intermediate-flow habitat in L. aff. citrau-
ratea HJ and L. micra, and one transition from high-flow 
to low-flow habitat in ancestor of L. aff. citrauratea HH 
and L. citrauratea (Fig. 9). Habitat divergence may exert 
strong selection on the body form of this group, thereby 
leading to significant phenotypic differences between 
the sister species pair (L. citrauratea and L. micra; L. aff. 
citrauratea HJ and L. brachycephala) (Figs.  5, 6 and 7). 
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These findings further confirms the key role of divergent 
selection between discrete habitats in species diversifica-
tion as shown previously [31]. Given habitat transitions 
underwent by the LCC during its colonizations into sub-
tropical floodplains and hills of eastern China, invasion of 
new habitats provides ecological opportunity for the LCC 
to rapidly diversify. Just as pointed out formerly [32], the 
ecological adaptation to novel environmental conditions 
is followed by the derivation of new taxa from ancestral 
populations.

Conclusion
This study conducts a comprehensive exploration of 
cryptic diversity within the LCC using integrative taxon-
omy, so laying a solid foundation for species recognition 
and subsequent conservation efforts. Our results under-
score the critical importance of understanding cryptic 
species and their habitats, as these species may possess 
unique habitat requirements and face distinct survival 
threats. To enhance our understanding of forces driving 
species diversity and phenotypic convergence, we recom-
mend that future research focus on the specific ecological 
niches and behaviors of these species. Given the distribu-
tion of the LCC in the subtropical zone of eastern China, 
our study leverages regional diverse habitats and complex 
geological history to explore cryptic diversity and evolu-
tionary processes underlying phenotypic uniformity. Our 
findings contribute both theoretically and empirically to 
biodiversity research in this region.
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