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Abstract 

High-altitude environments are inhospitable, but Triplophysa, the largest taxon among the three major fish groups 
in the Qinghai-Tibetan Plateau (QTP), is an exception. However, the evolutionary profiling of the common ances-
tor and its contribution to the adaptation of existing QTP native species is unclear.We researched the compara-
tive genomics of Triplophysa species and found that the genome-wide genes of Triplophysa and its ancestry have 
the characteristics of rapid evolution.Moreover, the rapid evolution of the ancestral genes was caused by relaxed 
selection. Natural selection analysis showed that more ancestral relaxed selection genes were under strongly purify-
ing selection and showed higher expression in QTP endemic Triplophysa species.The change in natural selection 
might be associated with the adaptation to QTP. It should be noted that SPT5 homolog, DSIF elongation factor 
subunit (supt5h) experienced relaxed selection in common ancestral populations of Triplophysa but under purify-
ing selection in extant species, which might be related to hypoxia adaptation of QTP. In summary, the extant species 
in different environments were used to infer the evolutionary profile of the common ancestor and to identify candi-
date genes based on changes in natural selection. Our work might provide new clues for understanding adaptation 
to extreme environments.
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Introduction
High-altitude environments are inhospitable [1]. The 
extreme environment of low oxygen, low temperature 
and high ultraviolet radiation on the Qinghai-Tibet Pla-
teau (QTP) has brought great challenges to the survival of 
organisms [1, 2]. Animals living on the QTP have evolved 

convergent phenotypes (such as hypoxic resistance and 
cold tolerance) to overcome the intense selection pres-
sures of the plateau environment [1, 3–6]. These studies 
typically compare one or several extant low-altitude spe-
cies/populations with high-altitude species/populations 
and find positive selective variation [7] to understand 
the genetic basis of adaptation to extreme plateau envi-
ronments.However, recent research on snowfinches in 
the Qinghai-Tibet Plateau has suggested that the initial 
genetic foundations for adaptations to extreme environ-
ments may emerge from ancestral lineages [7–9]. Species 
in a shared environment tend to evolve similar pheno-
types under the influence of their phylogenetic context.
However, it is interesting that some other QTP spe-
cies share molecular evolutionary characteristics with 
their close low-altitude species despite living in different 
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environments. For instance, the rate of gene evolution in 
species native to the Tibetan Plateau (such as Glyptoster-
non maculatum, Triplophysa siluroides and Phrynoceph-
alus erythrurus) and their closely related counterparts at 
lower altitudes outpaces that of other distantly related 
species at lower altitudes [10–12]. The occurrence of 
similar evolutionary profiling in different taxa is hardly a 
coincidence. Thus, it is intriguing whether the common 
ancestor of the Tibetan Plateau native species and its 
close relatives at low altitude shares evolutionary char-
acteristics with existing species and provides the genetic 
basis for the adaptive evolution of existing species.

Triplophysa belongs to the family Nemacheilidae of 
Cypriniformes. Triplophysa is the largest genus of fresh-
water fishes in Asia, and more than 200 species have been 
discovered so far [13, 14]. Triplophysa species are distrib-
uted all over the world but mainly inhabit the Qinghai-
Tibet Plateau and its surrounding areas [15, 16], including 
the underground karst caves in southwest China, the 
highly alkaline environment, the high-altitude areas of 
the Qinghai-Tibet Plateau and other extreme environ-
mental regions [17, 18]. The species of Triplophysa can 
adapt to various extreme environments, and species in 
different environments have the same characteristics of 
rapid genome evolution, making it an excellent research 
material for studying the relationship between high-
altitude extreme environment adaptation and ances-
tral genome evolution. At present, the whole genome 
data of six species of Triplophysa have been published, 
including T. tibetana (Habitat elevation:~4,000–5,000 
m) [18], T. siluroides (Habitat elevation: ~3,000–4,000 
m) [16], T. bleekeri (Habitat elevation: ~200-3,000 m) 
[19], T. dalaica (genome sampling Site: 43°220′4300″N, 
116°390′2400″E; Habitat elevation: 1226 m) [20], T. rosa 
(Habitat elevation: 314 m) [21], T. bombifrons (Habitat 
elevation: ~1300–1450 m) [22]. Therefore, only T. tibet-
ana and T. siluroides are endemic animals in high-alti-
tude extreme habitats of the Qinghai-Tibet Plateau. T. 
yarkandensis, also known as Hedinichthys yarkandensis, 
does not cluster with Triplophysa into one taxon based 
on phylogenetic analysis of mitochondrial genomes [23]. 
Although several genomes of Triplophysa have been pub-
lished, including species endemic to the Qinghai-Tibet 
Plateau, systematic studies on the evolution of adaptabil-
ity to the plateau environment have not been carried out.

This study aimed to explore the mechanism for the 
extensive adaptability of Triplophysa species, especially in 
high-altitude environments, and the role of the ancestral 
genome in it. We conducted comparative genomic stud-
ies using all published genomes of Triplophysa and its 
closely related species. The results showed that the com-
mon ancestral genome of Triplophysa was under relaxed 
selection, leading to rapid evolution. Rapid evolution may 

have provided the genetic basis for the adaptation of the 
species to QTP. We found that genes that evolved rap-
idly in ancestral genomes and were subject to strongly 
purifying selection in descendant species are likely to be 
involved in high altitude hypoxia adaptation, which pro-
vides new insights into the study of QTP environmental 
adaptation.

Results
The analysis of phylogenesis and demographic history
To better perform the research of adaptive evolution, a 
phylogenetic analysis was conducted on 15 species using 
1781 high-confidence one-to-one orthologous genes 
from a genome-wide set. All of the 15 species belong to 
Cypriniformes, except for the electric eel, which serves 
as the outgroup. The analysis showed that zebrafish and 
loach diverged 80 million years ago (Fig.  1a), consistent 
with previous research [21, 24]. The taxonomic relation-
ships of 13 species of loaches were also consistent with 
previous studies [25]. In addition, with the exception 
of T. yarkandensis, the other Triplophysa species were 
grouped into one taxon, indicating that T. yarkandensis 
is not genetically a Triplophysa species and is consistent 
with previous studies [23]. Among the six Triplophysa 
species, T. rosa was identified as the basal species within 
Triplophysa, consistent with the previous study that T. 
rosa is the basal species [26]. The divergence time of the 
Qinghai-Tibet native Triplophysa species was later than 
that of the T. rosa species but earlier than the other three 
Triplophysa species. The origins of T. rosa, T.tibetica and 
T.siluroides were 17.27 (95% CI: 16.425–18.1523), 12.67 
(95% CI: 12.0416–13.309) and 16.34 (95% CI: 15.5356–
17.1701) million years ago, respectively. The origin, 
evolutionary relationship, and differentiation time of Tri-
plophysa species are consistent with previous studies of 
the mitochondrial genome but earlier than other genom-
ics studies [21, 26, 27].

To understand the historical population dynam-
ics of Triplophysa species and other loaches, we uti-
lized psmc software to estimate the effective population 
size. The results indicate that Oreonectes daqikongen-
sis had the largest effective population, while Beaufor-
tia kweichowensis had the smallest effective population 
two to three million years ago (Fig. S1). Since that time, 
the effective population sizes of all species, except for 
T. tibetica, have experienced significant expansions and 
contractions.

Rapid evolution in Triplophysa and its ancestor
Previous research showed that QTP endemic species 
(such as species from Triplophysa) and their close rela-
tives have relatively rapid evolutionary rates. Thus, we 
suspect that all Triplophysa species have a relatively high 
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evolutionary rate, so we first tested the ratio of nonsyn-
onymous (dN) to synonymous (dS) substitutions (dN/dS) 
for all genes in each species. The results showed that, as 
we suspected, all Triplophysa species had relatively high 
dN/dS values (Fig. 1b).

We suspect that the similar rapid evolution of all spe-
cies is associated with the rapid evolution of the ancestral 
sequence. Therefore, the CDS of 1781 high-confidence 
single-copy orthologous genes were concatenated, dN/dS 
values were evaluated, and dN/dS values of each species 
and ancestral branch were obtained.The results showed 
that all species of Triplophysa had faster evolutionary 
rates than other species, and it was more noteworthy 
that each ancestral branch of Triplophysa also had higher 

dN/dS values, indicating that the ancestral branches 
were similar to existing species and had faster evolution-
ary rates (Fig.  1a). In order to exclude the interference 
of a small number of gene evolution rates on the over-
all evolution rate, we again evaluated the dN/dS value 
of each high-confidence single-copy orthologous gene. 
We obtained dN/dS values for all species and ancestral 
branches. Consistent with the above results, most of the 
species of Triplophysa and the ancestral branches (except 
for T. dalaica, T. bombifrons, branch1 and branch2) had 
higher dN/dS values (Fig.  1c). In particular, the dN/dS 
value from the common ancestor of Triplophysa is the 
largest, which may be related to the robust adaptability 
of Triplophysa fish (Fig. 1c). Intriguingly, it appears that 

Fig. 1 Phylogenetic and evolutionary analysis of Triplophysa. a Divergence time (95% confidence interval) and evolutionary rate estimates 
in Triplophysa and other fishes. The dN/dS values were calculated by tandem CDS from 1781 single-copy orthologous genes. b Evolutionary rate 
statistics of protein-coding genes for each species based on estimates of 14,982 orthologous genes. c Evolutionary rate distributions of extant 
species and their ancestral lineage based on estimates of 1781 single-copy orthologous genes. The horizontal line in the centre of the box chart 
represents the median value
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the earlier the species and the ancestral branch occurred 
within the genus Triplophysa, the higher the dN/dS value 
of the ancestral branch and species.

Genome‑wide relaxed selection in Triplophysa ancestor
The rapid evolution of the common ancestor of Triplo-
physa fish is probably associated with the relaxed selec-
tion or positive selection. Therefore, a test of relaxed 
selection for genome-wide protein-coding genes was 
conducted. We used the RELAX software [28] to cal-
culate an intensity parameter k for each gene in every 
test branch (k > 1 indicates intensified selection, and 
k < 1 indicates relaxed selection). Firstly, we compared 
all branches (including all internal branches) of Triplo-
physa and all branches of non-Triplophysa loach. The 
results showed that most of the genes from Triplophysa 
were under relaxed selection (Fig. S2).And the number of 
relaxed selection genes in Triplophysa was significantly 

higher than that in non-Triplophysa (Fig. S2).We then 
calculate the free k values of all the internal branches, 
and the result shows that branch 5 has the lowest k value. 
These results suggest that the rapid evolution of the com-
mon ancestor of Triplophysa is associated with relaxed 
selection.

So we compared the common ancestor of Triplophysa 
(branch5) with the ancestor of Triplophysa and Barbat-
ula barbatula (branch6) to determine whether the com-
mon ancestor of Triplophysa underwent relaxed selection 
compared to the earlier ancestor (Fig.  1a). Compared 
to branch6, branch5 had more relaxed selection genes 
(k < 1) than intensified selection genes (k > 1) (Fig.  2a). 
Although there are still many intensified selection genes 
in both branch5 and branch6, branch5 genomes tend to 
be under relaxed selection compared to branch6. Hence, 
the relaxation of natural selection dominates genome 
evolution in the common ancestor of Triplophysa. The 

Fig. 2 Genome-wide relaxed selection of common ancestor of Triplophysa. a P-value distributions of the RELAX tests of the common ancestor 
of Triplophysa (top half ) and the common ancestor of Triplophysa and Barbatula barbatula (bottom half ). Intensified: k > 1; Relaxed: k < 1. *** 
p < 0.001, Fisher’s exact test; The ancestry of Triplophysa contained more relaxed selection genes. b Hydrophilicity scores (HSs) of the common 
ancestor of Triplophysa and the common ancestor of Triplophysa and B. barbatula branches. Significant differences: *p < 0.05, generalised linear 
mixed model; The analysis was based on 1781 high-confident single-copy orthologous genes
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consequence of relaxed selection is that the genome will 
accumulate more slightly deleterious mutations [29–31].

To further confirm that genome-wide relaxed selection 
on the ancestry of Triplophysa. We analysed the poten-
tial “harmfulness” of protein amino acid substitution in 
the common ancestor of Triplophysa and the ancestor 
of Triplophysa and Barbatula barbatula. We use the 
hydrophobicity score (HS) as the “harmfulness” of non-
synonymous substitutes. The basic assumption is that the 
structure and function of protein is affected by changes 
in the hydrophilic (hydrophobic) properties of amino 
acid in the mutation site [32], greater hydrophilic (or 
hydrophobic) differences in amino acid changes may be 
more harmful [33, 34]. A lower HS score indicates a tre-
mendous difference in hydrophilicity, while 100 indicates 
the same properties [35]. Consistent with the ancestor of 
Triplophysa accumulating more nonsynonymous muta-
tions than the ancestor of Triplophysa and Barbatula 
barbatula, the HS score in the ancestor of Triplophysa 
was significantly lower than the ancestor of Triplophysa 
and Barbatula barbatula (universal linear mixing model, 
p = 0.0367; Fig.  2b). It suggests that the ancestor of Tri-
plophysa proteins has more slightly harmful mutations 
than those of Triplophysa and Barbatula barbatula. 
These results further support that the Triplophysa ances-
tor might under genome-wide relaxed selection.

More ancestral relaxed selection genes were under natural 
selection in Triplophysa, which is endemic to QTP
The increase in mutation load and the accumulation 
of slightly harmful mutations caused by relaxed selec-
tion may be the prerequisite for the adaptability of 
the ancestral population to various extreme environ-
ments [30, 36–48]. In this research, the mutated sites 
of proteins favorable to the QTP adaptation, which 
accumulated through the rapid evolution of the com-
mon ancestor population of Triplophysa, might have 
two fates in their offspring: (1) They only exist in the 
native species of QTP and are lost in the genomes of 
other species; (2) They are critical variations for spe-
cies to adapt to QTP, but they exist in all genomes (or 
most genomes) of extant species. The analysis of this 
study identified positive selection as the former and 
strongly purifying selection as the latter. Therefore, we 
performed a positive selection analysis on T. siluroides 
and T. tibetana, resulting in 209 and 231 positive selec-
tion genes in T. siluroides and T. tibetana, respectively 
(branch site model, p < 0.05). These extant species do 
not have more positive selection genes derived from 
ancestral relaxed selection genes (Fig. S4a). Next, we 
analyzed whether there are more relaxed selection 
genes of the common ancestor of Triplophysa experi-
encing strong purifying selection in T. siluroides and T. 

tibetana. Therefore, we obtained 1553 and 978 genes 
with dN/dS values less than 0.1, P-values less than 0.01, 
and no positive selection sites, which were determined 
by the codeml branch model and branch-site model 
from T. Tibetana and T. siluroides, assumed as strongly 
purifying selection genes. More of these strongly puri-
fying selection genes were derived from significantly 
relaxed selection genes in the ancestors of Triplophysa 
(Fig.  3a). Such results were unexpected because both 
methods are based on dN/dS to determine whether 
genes are under relaxed selection (intensified selec-
tion) or purifying selection (positive selection), so the 
strongly purifying selection is likely to have more over-
lap with the intensified selection.

Next, we analysed the relationship between relaxed 
selection genes (intensified selection) and positive selec-
tion genes (or strongly purifying selection genes) in T. 
tibetana and T. siluroides. We found that only a small 
number of positive selection genes are also relaxed selec-
tion genes in extant species (Fig.S4b). So, relatively more 
ancestral genes under relaxed selection were positively 
selected in extant species (compare to Fig.S4a). In con-
trast to the number and proportion of strongly purify-
ing selection genes in significantly intensified selection 
genes, the number and proportion of strongly purifying 
selection genes in significantly relaxed selection genes in 
the two QTP species are minimal and very low (Fig. 3b), 
as shown in the above results (Fig.  3a). These results 
demonstrate that more ancestral relaxed selection genes 
were under natural selection (specifically strongly puri-
fying selection) in Triplophysa species endemic to QTP. 
The results and the fact that Triplophysa species have a 
strong ability to adapt to various extreme environments 
make it difficult to be convinced that strongly purify-
ing selection was only to eliminate the massive, slightly 
deleterious mutations caused by genome-wide relaxed 
selection in the ancestral species of Triplophysa to make 
them have stronger and faster adaptability. Therefore, the 
relaxed selection of the common ancestral population of 
Triplophysa might have provided genetic advantages for 
the extreme environmental adaptation of T. Tibetana 
and T. siluroides. Finally, we measured the gene expres-
sion in the brain and liver of T. siluroides using published 
transcriptome data. We found that the strongly purifying 
selection genes that experienced significant relaxed selec-
tion from common ancestry had higher expression levels 
than background genes in T. siluroides (Fig. S5). Although 
the transcriptome data for T. siluroides were derived 
from domesticated individuals in low-altitude laborato-
ries. The expression of these screened genes is higher in 
the liver than in the brain (Fig. S5) in similar elevation 
environment. This indicates that these genes may play an 
active role in adapting to the new environment.
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Functional analysis of candidate genes inTriplophysa
We conducted GO enrichment analysis of the genes 
under strongly purifying selection and the QTP-specific 
predominant expression genes in T. siluroides and T. 
tibetana, which experienced significant relaxed selec-
tion in the common ancestry of Triplophysa. The results 
showed that the genes with predominant expression in 
the brain were not significantly enriched. In contrast, 
the dominant expression genes in the liver had 14 signifi-
cant enrichment GO terms, most of which were related 
to metabolism (Fig.  4a). In addition, it is worth noting 
that the “oxidation-reduction process” and “response 
to oxygen-containing compound” are also significantly 
enriched (Table S1), and these results are consistent with 
the previous transcriptome analysis of QTP species [1, 
49]. Among the target evolutionary genes of T. tibetana, 
we found that 47 GO terms were significantly enriched 
(Table S2). The functions of these genes were related to 
development, such as nervous system development, kid-
ney development, and multi-organ processes (Fig.  4b). 
Notably, “positive regulation of hematopoietic stem cell 
differentiation” and “positive regulation of hematopoi-
etic progenitor cell differentiation” were also significantly 
enriched, possibly related to the hypoxic environment at 
high altitude.

While screening the function of genes in the GO 
term “positive regulation of hematopoietic stem cell 

differentiation”, we discovered an interesting gene called 
supt5h. Supt5h, also known as the “SPT5 Homolog, DSIF 
Elongation Factor Subunit”, is a transcription factor that 
regulates mRNA processing and transcription elongation 
by RNA polymerase II. The gene was under significantly 
relaxed selection in the common ancestry of Triplophysa 
(k value: 0.87; P value: 0.0059) but was under significantly 
purifying selection in T. siluroides and T. tibetana (dN/dS 
for T. siluroides and T. tibetana: 0.025 and 0.01; P value: 
2.71E-15). Many cases and studies have shown that in 
humans, mutations or inactivation of this gene can lead 
to abnormal levels of Hb A2 and thalassaemia [50–56].
It means that the gene can affect the formation of hemo-
globin, which affects oxygen transport. The evolution of 
supt5h may be related to the adaptability of Triplophysa 
fish to the extreme hypoxic environment at QTP.

Discussion
Our study shows that the QTP endemic species and 
other species involved in Triplophysa have similar 
characteristics of rapid evolution in protein-coding 
genes, and the same is true for ancestral branches. We 
detected a strong tendency of relaxed selection in the 
common ancestor of Triplophysa, which is consist-
ent with the rapid evolution. In endemic species of the 
QTP environment, genes that have experienced natu-
ral selection (specifically, strongly purifying selection) 

Fig. 3 More ancestral relaxed selection genes were under strongly purifying selection in Triplophysa that endemic to QTP. a More strongly purifying 
selection genes in T. siluroides and T. tibetana were derived from significantly relaxed selection genes of the common ancestors of Triplophysa; Top 
half: the ratio of significantly relaxed selection genes and Intensified selection genes (P < 0.05) from the common ancestors of Triplophysa in strongly 
purifying selection (dN/dS < 0.1; P < 0.01; no positive selection sites) of extant QTP species; Bottom half: the Venn diagram of relaxed selection genes, 
intensified selection genes in common ancestry of Triplophysa and strongly purifying selection in extant QTP species. b More strongly purifying 
selection genes overlapped with significantly Intensified selection genes in T. siluroides and T. tibetana; Top half: the ratio of significantly relaxed 
selection genes and Intensified selection genes (P < 0.05) in strongly purifying selection (dN/dS < 0.1; P < 0.01; no positive selection sites) of extant 
QTP species; Bottom half: the Venn diagram of relaxed selection genes, intensified selection genes and strongly purifying selection in extant QTP 
species
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show a higher level of relaxed selection in ancestral 
genes compared to intensified selection. These genes 
are more commonly associated with development and 
liver metabolism. What is more noteworthy is that the 
GO term “positive regulation of hematopoietic stem 
cell differentiation” has been significantly enriched. 
The gene supt5h, contained in this GO term, is asso-
ciated with hemoglobin production and red blood cell 
development.

In this research, we used extant species in different hab-
itats to infer ancestral evolutionary profiling. The rapid 
evolution of Triplopyhsa ancestral genomes (or genes) 
might contribute to adaptation in QTP of extant species.
Recent research has shown that the CDS, introns, and 
potential regulatory regions from the common ancestor 
genome of different species of snowfinches in the QTP 
were characterized by rapid evolution. The rapid evolu-
tion of developmental and metabolic-related genes pro-
vides the genetic basis for the snowfinches adapted to the 
extreme plateau environment [7, 8]. However, it should 
be noted that the earlier ancestor of snowfinch, namely, 
the snowfinch-tree-sparrow ancestor, also has the char-
acteristics of rapid evolution of CDS, introns, and poten-
tial regulatory regions, consistent with our results. This 
suggests that the rapid evolution of earlier ancestors may 
have provided genetic resources for the adaptation of the 
QTP endemic Triplophysa species. This further supports 
the idea that genetic adaptations from ancestral species 
played a crucial role in the adaptation of extant species to 
their environments.

The rapid evolution caused by the relaxed selection of 
ancestral genomes provides possible genetic resources 
for rapidly forming new adaptive phenotypes. Many 
recent studies have demonstrated the role of relaxed 
selection in adapting populations to extreme environ-
ments [36–38] and the rapid formation of new pheno-
types [39, 40].Relaxed selection will increase population 
diversity (or mutation load) [36, 41, 42]. The accumula-
tion of slightly deleterious mutations provides the pos-
sibility for the generation of new phenotypes [30, 43]. 
Moreover, relaxed selection proves advantageous for 
phenotypic plasticity and the inherent diversity it con-
tains [44–46]. Phenotypic plasticity can play a vital role in 
initial adaptation to a new extreme environment [47, 48]. 
Therefore, relaxed selection provides a probability for 
species to quickly adapt to new environments, whether 
from the perspective of slightly deleterious mutations 
or phenotypic plasticity. The adaptation of cavefish to 
extreme environments is associated with pervasive relax-
ation of natural selection in the genome [21], and the 
marks of relaxed selection tend to have existed before the 
cavefish entered the underground cave [57, 58]. The spe-
cies of Triplophysa have shown the ability to adapt to a 
variety of extreme environments, including underground 
caves, high-salt lakes, and the Qinghai-Tibet Plateau. This 
adaptability may be linked to the high diversity and rapid 
evolution of the ancestral population of Triplophysa, pos-
sibly due to relaxed selection in the genome. The rapid 
evolution in the genome of extant Triplophysa species is 
likely connected to a reduced effective population size. 

Fig. 4 GO analyses of candidate genes. a The genes experienced strongly purifying selection in extant QTP species but under significantly relaxed 
selection in the common ancestor of Triplophysa. b The function of dominant expression gene in T. siluroides liver
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We cannot estimate the effective population size of the 
common ancestor of Triplophysa, which originated more 
than 20 million years ago based on current methods. 
However, our results show that the size of effective popu-
lations in the ancestors of Triplophysa fish 2–3 million 
years ago was not low. Moreover, the effective popula-
tion size of the common ancestor of Triplophysa, which 
has evolved into more than two hundred species that can 
adapt to various complex environments, might not be 
small. Therefore, the increase in population diversity and 
rapid evolution caused by relaxed selection might be an 
essential factor in the adaptability of Triplophysa species 
to various extreme environments and the Qinghai-Tibet 
Plateau (QTP) environment.

In this study, we analyzed candidate genes for QTP 
adaptation based on changes in the selection pressure 
of genes in ancestral populations and extant species. 
The change in natural selection accompanies the change 
in environment. After entering the new environment, 
the mutations that are favorable for survival will per-
sist and exhibit positive selection. Conversely, the unfa-
vorable mutations for survival will be eliminated and 
demonstrate purifying selection [41, 59, 60]. However, 
the genes undergoing positive or purifying selection are 
crucial for adapting to new environments. Despite this, 
limited research has demonstrated the significant impact 
of purifying selection in generating adaptive traits, with 
the exception of studies on the extended lifespan and 
increased body size of mammals [61]. Many studies have 
demonstrated the role of positive selection in environ-
mental adaptation, but the role of purifying selection has 
received less attention. One possible reason is that many 
housekeeping genes are also in a state of purifying selec-
tion. In this study, we investigate the potential molecular 
evolution underlying QTP adaptation by comparing gene 
selection pressures between ancestral genome and extant 
species. More relaxed selection genes from the common 
ancestor of Triplophysa experienced strongly purifying 
selection in extant Triplophysa species. The changes in 
the rate of evolution (or selection pressure) suggest that 
these genes may play a role in the adaptation of Triplo-
physa to the Qinghai-Tibet Plateau (QTP).

The extreme anoxic environment of QTP brings great 
challenges to the survival of organisms. The fish in QTP 
also need to overcome the extremely anoxic environ-
ment through mutations of some genes favourable to the 
QTP environment [11, 49, 62, 63]. Many studies have 
shown that the adaptation of QTP endemic mammals 
to the QTP environment with low oxygen is related to 
the mutation of several genes [4, 64–69]. However, the 
mutations of these genes still cannot explain the complex 
physiological phenotype of QTP animals or humans that 
adapted to low-oxygen environments completely [6, 69, 

70]. Moreover, the molecular mechanisms of each QTP 
species or population adapted to the hypoxic environ-
ment were differed [4, 69, 70]. It is still meaningful to 
fully understand the adaptation mechanism to high-alti-
tude environments from different species and research 
perspectives. In this study, we obtained some candidate 
genes related to QTP adaptation whose function (such as 
development and metabolism) was consistent with those 
of candidate genes related to high-altitude adaptation 
obtained from other species [7, 8, 71, 72]. The discovery 
of the setp5h candidate gene may supplement the expla-
nation of vertebrate adaptation to the low oxygen envi-
ronment in the plateau from another perspective. Our 
work might provide a new perspective for studying pla-
teau extreme adaptive evolution.

Our study has limitations. We can only indirectly infer 
that the effective population size of the common ancestor 
of Triplophysa is likely not low. This inference is based on 
existing population genetic analyses and the presence of 
numerous species within the Triplophysa genus. There-
fore, there is a lack of direct evidence.Secondly, further 
functional validation is required to confirm that the genes 
under relaxed selection in the ancestor indeed harbor 
loci that allow extant native QTP species to adapt to the 
QTP environment. Lastly, our analyses were based solely 
on published transcriptome data, which may limit the 
robustness of our findings.Nonetheless, our results may 
offer new insights into the evolution of QTP adaptation.

Methods
Data acquisition, phylogenomic analysis and demographic 
history analysis
We selected 15 species, including six Triplophysa, seven 
other loaches, a cyprinoid species, zebrafish, and electric 
eel as outgroup. These genomes were obtained from pub-
lic databases (Table  S3).The identification of orthologs 
was described in previous work [21]. The longest tran-
script and protein sequence were used for analysis for 
each gene.These protein sequences were used for gene 
family clustering analysis by OrthoMCL v1.4 [73] with 
the following parameters: orthomclFilterFaster: 10 20, 
blastp: Evalue 1e-5, coverage 50%, and mcl: -l 1.5. The 
gene family tree was constructed by RAxML (8.2.12 
raxmlHPC-PTHREADS-AVX) [74].The UPhO software 
was used to find orthologs without inparalogs from input 
gene family trees [75]. After filtering the ortholog groups 
that deviate from the phylogeny in previous studies [23, 
25].We obtained 14,982 orthologous groups (containing 
at least eight species) from the 15 genomes. Next, all pro-
tein-coding sequences in each orthogroup were extracted 
and aligned using TranslatorX 1.1 [76], which internally 
runs PRANK v.140,110 [77] for alignments and Gblocks 
0.91b [78] to eliminate unreliable regions.
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Based on the above results, we obtained multiple 
sequence alignment files of single-copy orthologous 
genes that include all species. Genes with CDS shorter 
than 270 bp or containing erroneous alignment regions 
were excluded.Finally, we obtained 1781 high-confi-
dence single-copy orthologous genes. These protein-
coding sequence alignments were concatenated to 
construct a phylogenetic tree with RAxML [74] using 
the GTRGAMMA model and the maximum likeli-
hood method.We used one soft-bound calibration time 
point (zebrafish-electric eel: ~130–174 million years ago 
(Ma)) acquired from the TimeTree website (http:// www. 
timet ree. org/). The MCMCTree in PAML (version 4.9e) 
package [79] was used to estimate the divergence time 
between 15 species.

We downloaded genome sequencing data from five 
species of Triplophysa and four other loches from the 
NCBI database (T. tibetana: SRR8118711; T. dalaica: 
SRR11526794; T. siluroides: SRR9089996; O. daqikon-
gensis: SRR8204517; B. kweichowensis: SRR12366070; 
M. mizolepis: SRR15343681; M. anguillicaudatus: 
SRR30107141; T. bleekeri: SRR9179728). Subsequently, 
the sequencing reads were filtered by using FastQC and 
Trimmomatic [80].BWA [81] was used to align the fil-
tered data to the reference genome. Samtools [82] was 
then employed for filtering and sorting the results, with 
the filtering parameters set as follows: -b -h -F 4 -q 20 -F 
256. Following this, Bcftools [83] was utilized to analyze 
SNPs and generate diploid consensus sequences.Finally, 
PSMC [84] was applied to estimate the historical dynam-
ics of the population of each species, using the following 
parameters: psmc -N25 -T15 -R5, and psmc_plot.pl -u 
4.13e-09 -g 2.

Evolutionary rate analysis
To understand the evolution rate of genes in each Triplo-
physa species and its common ancestry, dN/dS values in 
each branch were estimated using codeml in the PAML 
packages (version 4.9e) with default parameters and the 
free ratio model based on the phylogenetic tree with all 15 
genomes. Next, we performed selection pressure analysis 
for each gene. For the subsequent PAML analysis, each 
gene’s phylogenetic tree was pruned from the 15-genome 
phylogenetic tree, which was generated by 1781 high-
confidence single-copy orthologous genes. We first com-
pared the two-ratio model (model = 2 NSsites = 0) and 
the same model with fix_omega = 1 and omega = 1. We 
also use the branch site model (model = 2 NSsites = 2) to 
test whether the gene has positive selection sites. Finally, 
we used a chi-square distribution with 1 degree of free-
dom (or the degree of freedom from the results) to esti-
mate each LRT analytical probability (p-value). In order 
to facilitate subsequent analysis, genes with dN/dS < 0.1 

and P < 0.01 calculated by the branch model and no posi-
tive selection site detected in the branch site model were 
screened out and named as strongly purifying selection 
genes.

Analysis of relaxed selection
To further understand the role of relaxed selection in the 
accelerated evolution of common Triplophysa ancestry, 
we used the parameter k to measure whether genes were 
under relaxed selection. The parameter k was calculated 
using the hyphy RELAX program [28], and its relation-
ship with the value of ω (dN/dS) was (ω background)
k = ω foreground.If k < 1 indicates that the foreground 
branch was under relaxed selection, and if k > 1 indicates 
that the foreground branch was under intensified selec-
tion. Firstly, we used HyPhy RELAX to obtain K values 
for each species and its internal nodes based on 1781 
single copy orthologous genes with default parameters, 
which could infer a free relaxation parameter k value for 
every branch.

Next, all of 14,982 were used for RELAX analysis. We 
used RELAX for LRT analysis by comparing the model 
with k = 1 to the model with k < 1 (or k > 1).If k < 1, p < 0.05 
indicated that the test branch was under significantly 
relaxed selection, and if k > 1, p < 0.05 indicated that the 
test branch was under significantly intensified selection. 
We conducted multiple rounds of test analysis to test 
the relaxed selection of target species, branches groups 
or internal branches as follows: First, all branches of Tri-
plophysa (including all internal branches and species) 
and all other loaches (including all internal branches and 
species) were alternatively set as the foreground branch, 
while zebrafish and electric eel were set as the unclassi-
fied branch.Then, we alternately set branch 5 and branch 
6 as foreground branches (or background branches) 
respectively, while all other branches and their internal 
branches were classified as unclassified to analyze the 
significant relaxation selection of the ancestral Triplo-
physa. Finally, the two QTP native species of Triplophysa 
were alternatively set as foreground branches, other spe-
cies of Triplophysa were set as background branches, and 
non-Triplophysa species were classified as unclassified 
for analysis.During the analysis of one extant QTP Tri-
plophysa species, another QTP Triplophysa species was 
removed.

We evaluated the potential harmfulness of nonsynony-
mous mutations (or amino acid mutations) by analyzing 
changes in hydrophilicity or hydrophobicity of amino 
acid site mutations based on 1781 high-confidence single-
copy orthologs as described in previous studies [33, 34]. 
We used codeml (aaml) to predict the ancestor sequence 
of each internal branch, with the RateAncestor parameter 
set to 1.We then score the change in hydrophobicity from 

http://www.timetree.org/
http://www.timetree.org/
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ancestral amino acids to replacement amino acids based 
on a score matrix of hydrophobicity (or hydrophilicity) 
[35]. Finally, the differences in scores between the ances-
try of Triploplysa and the ancestry of Triplophysa and 
Barbatula barbatula were analyzed and compared. The 
significant difference test was conducted using a general-
ized linear mixed model from the lme4 v1.1–23 package 
in R (version 3.63) [85].

Transcriptome analysis
The transcriptome sequencing data were obtained from 
public databases, including the reads from brain and liver 
tissues of three species, namely T. dalaica (SRR11526792, 
SRR11526793), T. bleekeri (SRR6296205, SRR19866132), 
and T. siluroides (SRR10248769, SRR10248766). The T. 
dalaica transcriptome was obtained directly from frozen 
wild specimens [49]. The T. bleekeri specimen was briefly 
maintained in the laboratory after collection from its 
natural habitat, and then dissected. This was done due to 
the close proximity and similarity of the T. bleekeri habi-
tat to the laboratory [26, 86]. The T. siluroides specimen, 
which was lab-domesticated [87]. We only screened the 
longest-length CDS of each gene for expression analysis 
based on the whole genome and annotations of the spe-
cies mentioned above. The Bowtie v1.3.1 [88] was used 
for reads alignment, and then the RSEM v1.3.1 [89] was 
used to quantify gene expression to obtain the FPKM 
and reads count. We used edgR [90] for differentially 
expressed genes analysis.The gene was identified as the 
dominant expression gene in the QTP environment, as 
the expression level of this gene in Triplophysa siluroides 
was significantly higher than in Triplophysa dalaica and 
Triplophysa bleekeri. Subsequently, GO enrichment anal-
ysis and visualization were conducted using OmicShare 
web software (https:// www. omics hare. com/ tools) on 
the dominant expression genes. These genes were found 
to be under significantly relaxed selection in the com-
mon ancestry of Triplophysa, but under strongly purify-
ing selection in QTP extant species.A q-value of ≤ 0.05 
(FDR adjusted p-value) indicates that the GO category 
was significantly enriched. The REVIGO [91] was used to 
remove redundant terms in the significantly enriched GO 
categories.
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