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Origin and diversification of the Tibetan polyploid cyprinids (schizothoracins) may help us to explore relationships between 
diversification of the cyprinids and the Tibetan Plateau uplift. Cyprininae phylogeny was analyzed using mitochondrial and 
nuclear DNA sequences to trace origins of polyploidy and diversifications of schizothoracins. Ancestral states reconstruction 
for ploidy levels indicated that the Cyprininae was diploid origin and the schizothoracin clades tetraploid origins. There were 
two diversification rate shifts along with diversification of the cyprinine fishes in response to the Tibetan uplift. The unusual 
diversification shifts were located to branches subtending the clades of Tibetan polyploid cyprinids. Our analyses suggested 
that (i) phylogeny of Cyprininae recovered two independent origins of the Tibetan polyploidy schizothoracins; (ii) diversifica-
tions of the schizothoracins were closely related to the Neogene uplift of the Tibetan plateau in the following ways: the rela-
tively ancient Late Oligocene-Middle Miocene adaptive radiation may be associated with the uplift of the southern Tibet and 
Himalaya; the Middle Miocene-Early Pleistocene lineage-specific diversification broadly coincident with major phase of the 
Neogene Tibetan uplift; and the most recent Pleistocene diversification shift in Schizothorax closely coincident with the suc-
cessive Kunlun-Huanghe and Gonghe movements of the Tibetan uplift and the glaciation-induced climate oscillations on the 
plateau. 
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INTRODUCTION 

The Tibetan Plateau, also known as the Qinghai-Tibetan 
Plateau, is the biggest and highest plateau with an area of 
2.5 million square kilometers and an average elevation of 
over 4,500 m. The extreme environmental conditions char-
acteristic of the Tibetan Plateau include high absolute ele-
vation, low temperature, and hypoxia. Polyploidy in plants 
of the Tibetan Plateau is expected to occur at a high rate 
because of the tremendous species diversity of polyploidy 

endemic to the Plateau and the extensive habitats for alpine 
plants in the Plateau (Liu, 2004; Nie et al., 2005; Tang et al., 
2005; Zhang et al., 2009), indicating that polyploidy is a 
common and successful evolutionary transition under the 
most extreme environmental conditions of the Tibetan Plat-
eau. The extensive occurrence of polyploidy was also found 
in some groups of cyprinid fishes (Leggatt and Iwama, 
2003; Yu et al., 1987, 1989), most of which were character-
istic of the Tibetan Plateau and its adjacent regions (Yue, 
2000). Although it is well known that cyprinid fishes en-
demic to the Tibetan Plateau and its adjacent regions are 
major vertebrates in which polyploidy can be commonly 
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observed and expected, less attention has focused on origin 
and evolution of these polyploid cyprinids related to the 
Tibetan Plateau. 

The carp family (Cyprinidae) is the largest freshwater 
fish family with an estimated 2,420 species (Nelson, 2006). 
The subfamily Cyprininae sensu Howes (Howes, 1991) 
(tribe Barbine (Chen et al., 1984; Chen, 1998)) approxi-
mately comprises 87 genera and 1,332 nominated species, 
which accounts for more than 50% of total cyprinid fishes 
and is distributed from southern Eurasia to Africa 
(Rainboth, 1991; Skelton et al., 1991). Morphologically, 
Cyprininae includes four subgroups, such as barbine, cy-
prinine, labeonine and schizothoracine, referred as four 
subfamilies by Chen (Chen, 1998). Wild species of Cy-
prininae fish vary greatly in ploid levels ranging from dip-
loids (2n=50) to high polyploids (2n=417–470) (Arai, 2011; 
Buth et al., 1991; Leggatt and Iwama, 2003; Yu et al., 1987, 
1989). Examples of polyploidy are commonly observed in 
barbine, especially in cyprinine and schizothoracine. To our 
knowledge, all examined schizothoracine species are poly-
ploidy, but no occurrence of polyploids has been observed 
in labeonine fishes. Furthermore, all the currently recog-
nized schizothoracine species is clustered on the Tibetan 
Plateau and its adjacent regions.  

The major geological and palaeoclimatical events in-
cluding uplift of the Tibtan Plateau and evolution of Mon-
soons have a great influence on environment in East Asia. It 
is supposed that uplift of the Tibetan Plateau was particu-
larly relevant to the endemic organisms because the envi-
ronmental and habitat variations were severely affected by 
the uplift of the plateau and the associated climatic changes. 
The Tibetan Plateau and the Himalayas were created by 
ongoing tectonic collision of the Indian Plate with the Eura-
sian Plate that started around 50 million years ago. Alt-
hough details of the mechanism, amplitude, and timing re-
sponsible for the present Tibetan topography still remain 
unclear (Li and Fang, 1999; Tapponnier et al., 2001), fur-
ther significant increases in altitude of the Tibetan plateau 
are thought to have occurred about 10–8 million years 
(Myr) ago (Harrison et al., 1992; Molnar et al., 1993), or 
more recently (Li and Fang, 1999; Zheng et al., 2000). The 
age estimation of schizothoracine and glyptosternoid sug-
gested that diversification of fishes in the Tibetan Plateau 
and its adjacent regions occurred during the period of late 
Cenozoic uplift of the Tibetan Plateau. Molecular dating 
analyses of other metazoan groups on the Tibetan Plateau 
also indicated that environmental and habitat heterogeneity 
associated with uplift of the Tibetan Plateau in the Cenozoic 
had promoted speciation (Guo and Wang, 2007; Luo et al., 
2004). Therefore, impacts of the late Cenozoic uplift of the 
Tibetan Plateau on speciation and distribution of organisms 
on this plateau have been well documented in studies con-
cerning phylogeny and biogeography, offering alternative 
tests for the hypotheses of historical processes of geological 
and concomitant ecological variations on the Tibetan Plat-

eau during the Cenozoic era. With the fact of distribution of 
many endemic fishes restricted or related to the Tibetan 
Plateau (including its adjacent regions) and the complexity 
of ploid levels, the subfamily Cyprininae presents a signifi-
cant opportunity to explore the pattern of timing and tempo 
in taxonomic diversification of polyploid cyprinids corre-
lated with the uplift of the Tibetan Plateau. Few studies, 
however, have examined the diversification patterns of the 
Cyprininae, in which polyploidy extensively occurred, in the 
context of uplift of the Tibetan Plateau in the Cenozoic era. 

Using the molecular evidences in the present study, we 
investigated the impact of the uplift of the Tibetan Plateau 
and the associated climate change on the diversification of 
the subfamily Cyprininae, a species-rich group of polyploi-
dy cyprinids. Because of the trouble of using molecular data 
in phylogenetic analyses of polyploid species (Rousseau- 
Gueutin et al., 2009), a method recommended to reduce the 
negative effect of polyploidy on reconstructing evolutionary 
history is to use the low-copy nuclear genes. Furthermore, 
phylogenetic analyses of mitochondrial and/or low-copy 
nuclear genes have shed light on the evolution of polyploids 
(Brysting et al., 2007; Evans et al., 2004, 2005; Fortune et 
al., 2007; Machordom and Doadrio, 2001; Marhold and 
Lihová, 2006; Sang, 2002; Tsigenopoulos et al., 2002). The 
nuclear recombination activating gene 2 (RAG2) encodes 
components of the recombinase involved in recombination 
of immunoglobin and T-cell receptor genes and appears as 
conserved single copy in zebrafish (Willett et al., 1997). 
Recently, the nuclear RAG2 gene has been demonstrated to 
be phylogenetically informative in many phylogenetic 
analyses in Cyprinidae (Chen et al., 2015; Li et al., 2016; 
Wang et al., 2013; Yazdani Moghaddam et al., 2013). 
Therefore, we use the nuclear RAG2 gene and the mito-
chondrial 16S ribosomal RNA (16S rRNA), cytochrome c 
oxidase subunit I (COI), NADH dehydrogenase subunit 4 
(ND4) and cytochrome b (cytb) genes to reconstruct phy-
logeny of extant fishes of the subfamily Cyprininae. The 
aims of this study are (i) to provide the well resolved phy-
logeny of Cyprininae to understand the relationships among 
the polyploidy schizothoracins; (ii) to provide insights into 
the dates of cladogenetic events leading to origins and  
diversifications of the polyploid species within the subfam-
ily Cyprininae; (iii) to determine whether the late Cenozoic 
uplift of the Tibetan Plateau has significantly affected the 
diversification of the plateau polyploid cyprinids by esti-
mating patterns of diversification within the subfamily  
Cyprininae (Figure 1).  

RESULTS 

Phylogenetic analyses 

The maximum parsimony (MP), maximum likelihood (ML), 
and Bayesian analyses of the combined DNA sequence data 
resulted in highly resolved, well supported, and compatible 
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Figure 1  Map of locations of the Cyprininae ingroup taxa sampled in China in this study.  

phylogenetic trees of the cyprininae fishes (Figure S1 in 
Supporting Information). As expected, the monophyly of 
the subfamily Cyprininae was strongly supported with boot-
strap proportion of 99%–100% (in MP and ML analyses) 
and a posterior probability of 1.0 (in Bayesian analyses). 
Within the subfamily, the monophyly of labeonine fishes 
was strongly corroborated with high bootstrap support 
(≥94%) and posterior probability (1.0), and the monophyly 
of the remaining cyprinine fishes (including cyprinine, 
barbine and schizothoracine) was supported with a posterior 
probability of 0.94 in the Bayesian analysis and a relatively 
moderate bootstrap proportion of 77% and 58% in the ML 
and MP analyses, respectively. As for the plateau polyploid 
cyprinids, two clades (node SCH and SPE) were also re-
covered with strong bootstrap proportion of 99%–100% (in 
MP and ML analyses) and a posterior probability of 1.0 (in 
Bayesian analyses). The clade SPE was a sister group to the 
Scaphiodonichthys acanthopterus+Barbaus barbus, and the 
clade SCH to the Percocypris, both with high bootstrap and 
posterior probability values (Figure S1 in Supporting In-
formation). 

State reconstructions for ploidy levels 

The cladogram resulted from Bayesian analyses were used 
for state reconstructions for ploidy level of cyprinid fishes. 

Reconstructions showed that diploidy was the ancestral 
state in both the family Cyprinidae (node CYD, Figure 2) 
and the subfamily Cyprininae (node CYN, Figure 2), and 
switch from diploidy to tetraploidy was first found in the 
tribe barbine (node BAR, Figure 2). At least three inde-
pendent switches to polyploidy and three reversals to dip-
loidy were inferred within the tribe barbine, which pos-
sessed the most common ancestor of tetraploid.  

Molecular dating 

A molecular clock was rejected for the combined sequence 
data by the likelihood ratio test with likelihood scores of 
clock and non-clock model (2=2279.686, df=148, P<0.05). 
Therefore, the relaxed molecular clock method was applied 
to estimate divergence time. The topology resulting from 
Bayesian analysis was used for dating phylogenetic events 
because of relatively well-resolved phylogenetic relation-
ships. The subfamily Cyprininae began to diversify around 
23.69 Mya with the 95% confidence interval of 23.16–24.33 
Mya (node CYN in the Figure 2 and Table 1). Within the 
Cyprininae, the clade labeonine radiation (node LAB in the 
Figure 2 and Table 1) began around 21.65 Mya (the 95% 
credibility interval of 20.67–22.50 Mya), and the barbine 
(node BAR in the Figure 2 and Table 1) began to diversify 
around 23.21 Mya (the 95% credibility interval of 
22.49–24.09 Mya).  
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Figure 2  Chronogram of the Cyprininae fishes. Divergence date esti-
mates were based on the tree topology resulting from the Bayesian analysis, 
and nodes with strong posterior probability supports ≥0.95 were marked 
with asterisks (*). The numbers near the nodes represent the divergence 
dates (Mya) estimated, and node symbols for the key nodes are listed in 
Table 1 with mean divergence dates and 95% confidence intervals. The 
karyotypes of species analyzed and the ancestral states for ploidy levels 
reconstructed were marked with color bars and dots, respectively (Arai, 
2011).  

Lineage diversification  

Overall, the P values for six tree balance statistics computed 
in SymmeTREE increased from IC to B1 (IC=0.009718, 
MΠ

*=0.00095, MΠ=0.00645, MΣ
*=0.004094, MΣ=0.083688, 

B1=0.37156) (Table S1 in Supporting Information), and the 
six tree statistics are known to be sensitive to the different 
nodal depth (listed from the shallowest to the deepest as 
above). The results suggested that lineage diversification 
rate variation was significantly concentrated at relatively 
shallow nodes within the Cyprininae tree. The delta statis-
tics (Δ1 and Δ2) (Moore et al., 2004) and the Slowinski and 
Guyer statistic (Slowinski and Guyer, 1993) helped to lo-
cate a single shift point of diversification rate on the tree. In 
addition, the relative cladogenesis test detected rapid diver-
sification rate shifts along 15 branches. These shift points 
on the tree were found only within the barbine clade (Figure 
2 and Table 1) and confined to Miocene, Pliocene, and Ear-
ly Pleistocene (23.0–0.9 Mya) with most of shifts (except 
those in the branch 1–3, 6, and 7) recovered in the last 12 
Mya (from the Late Miocene to Pleistocene). These patterns 
were relatively robust because analyses of 100 randomly 
sampled trees based on Bayesian analysis detected diversi-
fication rate shifts in the branches of comparable age and 
placement on the tree. 

A semilogarithmic plot of lineages through time (LTT) 
showed a significant deviation from a simulated plot ob-
tained under a birth-death model in which incomplete taxon 
sampling and a constant deviation rate were considered. The 
pattern of the empirical LTT plot witnessed a decrease in 
diversification rate taking place from the Middle Miocene 
and a trend toward increased diversification rate beginning 
from the Middle Pleistocene. The birth-death likelihood 
(BDL) analysis chose pureBirth as the best constant rate 
model, which was therefore used as the null to test hypoth-
eses with rate variable models. Results of BDL analysis 
selected yule3rate as the best rate variable model 
(ΔAICrc=14.62078, P<0.05) (Table S2 in Supporting In-
formation) and thereby rejected the null hypothesis of rate 
constancy. The BDL analysis corroborated evidence from 
the deviation of the empirical LTT plot from the simulated 
curve with 95% confidence intervals. According to the sce-
nario suggested by the yule3rate model, the net diversifica-
tion rate experienced two dramatic shifts in the evolutionary 
history of the Cyprininae diversification, which took place 
16.0 and 0.91 Mya, respectively. The rate decreased 16 Mya 
from 0.28 to 0.09 speciation events per million years and  
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Table 1  Divergence time estimates of the key nodes in the Cyprininae phylogeny of Figure 2 and 95% confidence interval resulting from the lengthy boot-
strap analysis.  

Clade Node 
Age estimates (Myr ago) 

Mean±SD 95% interval 

Cyprinidae CYD 38.22±0.92 33.84–38.42 

Subfamily Cyprininae CYN 23.96±0.31 23.16–24.33 

Barbine clade, the subfamily Cyprininae excluding the labeonine fishes BAR 23.49±0.33 22.49–24.09 

Labeonine clade LAB 21.57±0.44 20.67–22.50 

Schizothorax SCH 9.23±0.35 8.96–9.83 

Schizothoracine fishes excluding the genus Schizothorax SPE 10.70±0.54 9.64–11.78 

 
shift again around 0.91 Mya with the rate increasing to 0.17 
speciation events per million years.  

DISCUSSION 

The phylogenetic results presented here provide molecular 
evidence to explore the effects of Tibetan Plateau on the 
evolution of biogeographic patterns and ploidy levels of the 
cyprinine fishes. In total, our date estimation placed the 
diversification of polyploid cyprinids (including character-
istically Tibetan cyprinids) on geologic time range corre-
sponding well with the major phase of uplift of the Tibetan 
Plateau since the early Miocene (Guo et al., 2002; Harrison 
et al., 1992; Molnar, 2005; Shi et al., 1999; Zheng et al., 
2013; Zheng et al., 2000). 

Biogeographic patterns and ploidy levels in the     
Cyprininae  

Our resolved phylogeny of the Cyprininae is well supported 
and confirms monophyly of the Cyprininae. Within the Cy-
prininae, the present analyses provide robust evidence for 
sister group relationship of the currently recognized labeo-
nine to the clade containing the cyprinine, barbine, and 
schizothoracine species.  

The strongly recovered clade LAB, sister to the rest of 
the subfamily Cyprininae, consists of only diploidy species, 
and origin of these diploid labeonine fishes is dated to the 
Late Oligocene (~24 Mya, Figure 2). The diploid labeonins 
are restricted to habitats of warm water and relatively low 
altitude, with widespread but disjunct distribution in Africa 
and Asia, predominantly in South East Asia. Such special-
ized distributions to swift currents have been explained by 
affinity with the greatest diversity in lip morphology and its 
associated structures that supposedly provided great ability 
of algae scrape for these species.  

The ploidy level of the clade BAR is the most sophisti-
cated in the family Cyprinidae, and several different ploidy 
levels within this group have been recovered. This clade 
predominantly consists of polyploid cyprinids, with an ex-
ception of at least two diploid clades (Clade C and F, Figure 
2). Cladogenesis of the polyploid cyprinids began since 
about 23.5 Mya, just after the split time between the clade 
LAB and the clade BAR, concomitant with other lineages 
endemic to the Tibetan Plateau (Guo et al., 2005; Liu et al., 

2006). The initial speciation within the polyploid clade led 
to origin of a polyploid clade comprising both tetraploid and 
hexaploid species (Clade A, Figure 2). The distant distribu-
tion between the tetraploids and hexaploids is remarkable in 
the clade A, with the distribution of the tetraploids in South 
and South East Asia and that of the hexaploids widely in 
Africa. Sister group of the tetraploid clade B to the diploid 
clade C was alsp supported by our phylogenetic reconstruc-
tion. The clade B comprises the tetraploid Sinocyclocheilus, 
Cyprinus, Carassius and Catlocarpio, while the clade C a 
group of diploid minnows. Distribution of the tetraploids in 
the clade B largely overlaps with that of the diploids in the 
clade C in the ranges from South China to Maeklong, Me-
kong and Chao Phraya basins in South East Asia.  

Morphologically, the schizothoracins was recognized as 
a subfamily consisting of three groups, such as primitive 
group, specialized group, and highly specialized group (Cao 
et al., 1981). However, the morphological grouping of the 
schizothoracins had been challenged by recent molecular 
evidences (Li et al., 2008; Yang et al., 2015a; Yonezawa et 
al., 2014). The present phylogeny revealed two independent 
origins of these Tibetan Plateau endemic polyploid cypri-
nids, migrating independently of each other to the Tibetan 
Plateau and adapted to high altitude (Yonezawa et al., 
2014). One schizothoracin clade SCH comprised taxa from 
the morphologically primitive group, and another schizo-
thoracine clade SPE from morphologically specialized and 
highly specialized groups (Cao et al., 1981). Origins of the 
Tibetan Plateau clade SCH and SPE occurred in the Early 
Miocene, with crown diversification of these schizothoracin 
clades beginning from the Late Miocene to the Pleistocene. 

The schizothoracin clade SPE represents a polyploid cy-
prinid group comprising taxa nearly all of that are tetra-
ploid. However, our phylogeny supports a close relationship 
between the clade SPE and the clade D, consisting of the 
tetraploid Barbus barbus and the diploid Scaphiodonich-
thys. Divergence of the clade SPE from the clade Bar-
bus+Scaphiodonichthys was dated to 19.30 Mya, diversifi-
cation within the SPE began from the Late Miocene (Figure 
2). Biogeographically, the clade SPE has a semicircular 
range around the Takla Makan encompassing the Tien 
Shan, Hindu Kush and Himalaya (Howes, 1991); while 

Barbus barbus a wide Europe distribution with the eastern 
limit marked by the Urals and the southern by the Tien 



1154 Wang, X., et al.   Sci China Life Sci   November (2016) Vol.59 No.11 

Shan, and the Scaphiodonichthys a narrow distribution of 
Mekong and Chao Phraya basins. The close relationship 
between the clade SPE and the Barbus barbus+Scaphio- 
donichthys suggested that their most recent common ances-
tor perhaps has a broad distribution in Eurasia.  

The schizothoracin clade SCH comprises the Schizotho-
rax taxa of high ploidy levels (tetraploids and hexaploids 
species), and ranges from the Tien Shan and Hindu Kush to 
Himalaya surrounding the Takla Makan (Howes, 1991). 
The Schizothorax clade is recovered as sister group to the 
tetraploid Percocypris (clade G, Figure 2), which currently 
occurs in areas including Jinshajiang, Salween and Mekong 
basins. Further, the clade SCH+G is sister to a monophyly 
consisting of a diploid Onychostoma+Acrossocheilus calde 
F and a tetraploid Spinibarbus clade E. These two clades, E 
and F, lying in Laos, Viet Nam and South-East China, have 
a restricted distribution in South East Asia greatly sympatric 
with that of the Percocypris. Common origin of the Schizo-
thorax and the Percocypris and then split between them 
were estimated to take place in the Early Miocene (19.7 and 
16.0 Mya, respectively, Figure 2). Consequently, the extant 
Schizothorax taxa are restricted to the high altitude drainag-
es of the Tibetan Plateau and its adjacent regions. Based on 
the present phylogeny and biogeographic patterns, it can be 
hypothesized that these Schizothorax species may represent 
remnants of a more broadly South East Asia distributed 
tetraploid ancestor that became fragmented during the Late 
Miocene uplift of the Tibetan Plateau and survived in high 
altitude areas only.  

Evolution of ploidy levels in the Cyprininae 

Several different ploidy levels are represented in some 
clades within the subfamily Cyprininae, and this gives an 
opportunity to trace the evolutionary history of the poly-
ploid species. The phylogenetic analyses performed for the 
current study indicated that the subfamily Cyprininae was 
thought to be diploid in origin and the barbine to be tetra-
ploid in origin (Clade BAR, Figure 2). Within the barbine, 
species included in the tetraploid group occur in the genera 
Barbus, Carassius, Cyprinus, Neolissocheilus, Percocypris, 
Pseudobarbus, Schizothorax, Sinocyclocheilus, Spinibarbus 
and Tor etc (Arai, 2011). Tetraploid cpyrinids can arise 
from the diploid ancestor through autotetraploidization with 
spermatozoon and ovum each containing a diploid comple-
ment of chromosomes (Oellermann and Skelton, 1990). The 
advantageous traits of polyploidy for cyprinids fish might 
be summed up as large body size, fast growth rate, long life 
and great ecological adaptability (Schultz, 1980; Uyeno and 
Smith, 1972). For example, the hexaploid Barbus species in 
Africa (Clade A, Figure 2) are all found to be relatively 
large, long-lived and ecologically flexible species 
(Oellermann and Skelton, 1990). Despite of the advantages 
of polyploidy in evolution, reversal switches, by reducing 
the number of chromosomes from the tetraploid to the dip-
loid level, were also inferred within the barbine. 

Polyploidization has obviously been of great importance 
in the evolution of species of the schizothoracin clades, as is 
the case for all groups of these Tibetan Plateau endemic 
cyprinids. To date, all the schizothoracin species analyzed 
cytologically have revealed a high number of chromosomes 
ranging from tetraploid to hexaploid (even 2n=446). The 
schizothoracin clades SCH and SPE were revealed to be 
tetreploid origins, and at least two independent switches to 
hexaploidy were inferred in the Schizothorax. Besides the 
tetraploid species in the genus Schizothorax, those hexa-
ploidic species are of great interest in studies of evolution 
and survival of the Tibetan Plateau endemic cyprinids. Alt-
hough mechanism of origin of hexaploidy in the Schizotho-
rax is still poorly understood, the allohexaploidy was 
thought to be the most plausible ways in which hexaploidy 
may develop (Oellermann and Skelton, 1990). The role of 
polyploidy in evolution is very important because it helps 
fishes to escape natural selective pressures by providing 
redundant gene loci (Becak et al., 1966) and therefore easily 
accumulating mutations (Wolf et al., 1969). Polyploidiza-
tion has been thought as a key factor that enables or even 
drives diversification in the schizothoracin groups. There-
fore, we may hypothesize that the higher success of the 
polyploidy Schizothorax species at recolonizing high alti-
tude habitats freed by uplift of the Tibetan Plateau might be 
explained in terms of selection for cold temperature and 
hypoxia. This hypothesis can be evidenced with viable tet-
raploid produced by giving the fertilized eggs a temperature 
shock (a sharp decrease in temperature) (Don and Avtalion, 
1988). The other evidence may come from the Tibetan cy-
prinid, Gymnodiptychus pachycheilus. Genes in G. pachy-
cheilus found with signature of rapid evolution and positive 
selection were functionnally associated with energy metab-
olism and hypoxia (Yang et al., 2015b). 

Patterns of diversifications of the schizothoracins 

The temporal BDL analysis and the LTT plot indicated an 
Early Miocene adaptation radiation of the Cyprininae fishes 
from ~23 to 16 Mya (shifts 1, 2, and 6; Figure 3), with the 
shifts 2 and 6 involved in diversification of stem groups of 
the Tibetan characteristic cyprinid lineages. The proposed 
Early Miocene adaptive radiation of the Cyprininae closely 
coincided with uplift of the Tibetan Plateau from the Late 
Oligocene to the Early Miocene (~25–17 Mya), because this 
period was marked as an important transition in the uplift of 
the South Tibet and the Himalaya, and the Himala-
yan-Tibetan region might have reached its elevation of 
about 2,000 m during this period (Shi et al., 1999). Fur-
thermore, there is a growing body of evidence suggesting 
that the South Tibetan plateau may have started its fast up-
lift since 20 Mya and might have experienced a pulse of 
rapid uplift around 20–15 Mya (Copeland et al., 1987; 
Harrison et al., 1992). Massive alterations of environment 
associated with the Late Oligocene-Early Miocene uplift of 
the Tibetan Plateau (≈25–17 Mya), including replacement 
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of tropical/subtropical rain forest by semi-humid/ semi-arid 
forest in the Southern Tibet, might be a result of the climatic 
change from the warm, dry climate of the Oligocene to 
moderately cool and wet conditions at the beginning of the 
early Miocene, followed by progressive cooling and drying 
(Wu et al., 2008). The interpretation of relating the Oligo-
cene-Miocene origin (24–19 Mya) of the sisorid catfishes 
typical of the Tibetan Plateau to the Tibetan uplift contrib-
uted to the hypothesis that speciation of the Tibetan lineages 
might have been promoted by the significant environmental 
and habitat heterogeneity associated with the Early Miocene 
uplift of the Himalayas (Guo et al., 2005; Zhou et al., 2016). 
Therefore, we proposed that the Early Miocene diversifica-
tion of stem groups of the schizothoracine fishes agree with 
this hypothesis and the adaptive radiation can be regarded 
as connections of environment and habitat response to the 
Early Miocene uplift of the Himalaya and Southern Tibet. 

A slowdown of Cyprininae diversification, suggesting a 
decrease in origination rate and/or an increase in extinction 
rate, was evidenced by the present analyses during the Mid-
dle Miocene to the Early Pleistocene (about 16–1 Mya), a 
time period broadly coincident with the major phase of the 
Neogene Tibetan uplift. The closely nested diversification 
rate shifts during the Late Miocene to Early Pleistocene 
(~12–1 Mya) (shifts 4, 5, and 7–15) occurred only in two 
characteristically Tibetan lineages of polyploidy cyprinids, 
with one (shifts 7–15) composed entirely of the cleft breast 
cyprinids in the genus Schizothorax and the other (shifts 4 
and 5) the highly specialized schizothoracine fishes except 
the Schizothorax (clade SCH and SPE, respectively, Figure 
3). Although the southern Tibetan Plateau underwent its 
main stage of fast uplift in the Early Miocene and the eleva-
tion probably remained unchanged over the past 15 million 
years (Harris, 2006; Spicer et al., 2003), further significant 
uplifts (with possible intervening deformation) of the east 
and north of Tibet took place within recent 15 million years 
(Lu et al., 2004; Ritts et al., 2008). Geological evidence 
suggested that rapid uplift might take place in Eastern Tibet 
since about 15 Mya because an cessation of rapid Pacific 
trench migration during the Early to Middle Miocene 
(~20–15 Mya) probably contributed to the onset of rapid 
surface uplift and crustal thickening in Eastern Tibet 
(Royden et al., 2008). Additionally, a switch of the tectonic 
regime of the Tibetan Plateau from north-south convergence 
to east-west extension starting before ~14 Mya (Coleman 
and Hodges, 1995) was also the major phase of the Neogene 
uplift of the Tibetan Plateau. Although the time when the 
Tibet Plateau first reached its present elevation is still con-
tentious (Guo et al., 2002; Harrison et al., 1992; Li and 
Fang, 1999; Li, 1996; Zheng et al., 2000), the Neogene did 
witness the Tibetan plateau attaining its maximum height. 
Therefore, the Neogene tectonic processes of the Tibet (be-
ginning ~15 Mya) was necessarily linked with global cli-
matic changes and even played an important role in shaping 
variation of climate and environments in East Asia. The 

Neogene variation of climate and environments associated 
with the Tibetan uplift includes strong oscillations between 
aridity and humid conditions (Fan et al., 2007), changes in 
vegetation (Cerling et al., 1997; Ma et al., 1998), open and 
close of paleodrainages (Fan et al., 2007), onset and evolu-
tion of Asian monsoons (An et al., 2001; Guo et al., 2002). 
Therefore, we hypothesize that variations of ecosystems 
associated with the severe tectonic process of the Tibetan 
Plateau ~16.0–1.0 Mya might have resulted in retreat of the 
Tibet endemic cyprinids to high altitudes and these schizo-
thoracine fishes achieved their stabilization and establish-
ment in new habitats because of the advantages of their 
polyploid condition in the process of extending the distribu-
tion. The Neogene shifts (beginning 16.0 Mya) closely co-
incided with crown diversification of the Tibetan Plateau 
endemic polyploidy cyprinids (clade SCH and SPE, Figure 
3), probably indicating a preservation of comparatively an-
cient diversity resulting from the Early Miocene adaptive 
radiation of the stem groups. 

We observed a slight increase in diversification rate in 
the LTT plot since 0.91 Mya (Figure 3). This increase is 
closely coincident with the successive Kunlun-Huanghe 
movement at 1.1–0.6 Mya and Gonghe movement at 0.15 
Mya, through which the Tibetan Plateau raised to its present 
height (Li and Fang, 1999). The cladogenetic events within 
the Schizothorax fishes (Clade SCH, Figure 3) contributed 
more to the diversification rate increase from the point (0.91 
Mya) forward to the present. Therefore, the recent diversi-
fication was influenced by the Quaternary climatic and tec-
tonic events in the Tibetan Plateau and surroundings, such 
as the intensification of Asian monsoons, cryosphere of the 
Tibetan Plateau, and development of the large-scale Plateau 
glaciations. The relative stability of the Tibetan environ-
ments and the glaciations-induced climatic oscillations dur-
ing the late Early Pleistocene to the present may have 
helped the speciation accumulation of the polyploidy cypri-
nids.  

The reconstructed evolutionary history of diversification 
of the Tibetan polyploidy cyprinids within the Cyprininae 
indicated that crown diversification of the Tibetan endemic 
cyprinids (schizothoracine fishes) may have occurred rela-
tively early (in the early Middle Miocene), with a recent 
diversification in response to the Quaternary climatic and 
tectonic events, such as Pleistocene glaciation and Pleisto-
cene uplift of the Tibetan Plateau. In general, temporal pat-
terns of inconstant diversification rate seem to be consistent 
with cradle models (recent and rapid diversification) or 
museum models (slow accumulation of diversity over time 
and/or preservation of ancient diversity) or both. Therefore, 
our results lead to a hypothesis that the present schizothrao-
cine fishes diversity maybe resulted from both compara-
tively ancient adaptive radiation and recent rapid diversifi-
cation. The polyploid condition of the schizothoracine fish-
es may be of great help in the preservation process of the 
Schizothorax diversity in the Quaternary era. Furthermore,  
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Figure 3  Timing and tempo in the evolutionary radiations of cyprininae fishes. A, The PL ingroup chronogram. The Chronogram is the Bayesian tree 
estimated using PL method with all non-Cyprininae taxa and duplicate species culled from the chronogram. The significant diversification rate shifts detect-
ed by different “shift” statistics are marked with Arabic numerals and colors: shift 1 (red) is supported by the Δ1, Δ2, and Slowinski and Guyer statistics; the 
other shifts (shifts 2–16, blue) are supported by the relative cladogenesis test. The blue rectangle bars on the branches indicate clades subtending polyploid 
cyprinine fishes, and the white bars those diploid cyprinine fishes. Three representative specimens are shown as examples near their respective positions in 
the chronogram. B, Semilogarithmic plot of LTT for the Cyprininae (LTT plot; blue) superimposed on the approximately hypothesized altitudes of the Ti-
betan Plateau during the late Cenozoic Era (pink dashed line, adapted from (Li and Fang, 1999)) and simulated LTT plot (red) with 95% confidence intervals 
(green) with a constant death-birth rate of 0.5. Upturns or downturns in the empirical LTT plot reflect changes in diversification rate. Prolonged period of 
decreased diversification rate is highlighted by shaded area.  

climatic, and biotic events associated with the Tibetan 
Schizothoracine may serve as a good model to provide evi-
dence for the hypothesis that major tectonic, the Tibetan 

Plateau may have most influenced on diversification at the 
proper geographic/taxonomic (e.g., Tibetan and its adja-
cently regional or characteristically lineagespecific) and 
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temporal (e.g., Neogene and Quaternary) scales.  

MATERIALS AND METHODS 

Sample collection 

Ingroup samples in this study included 123 species of the 
subfamily Cyprininae, distributed in 46 genera and 20 
non-Cyprininae cyprinid species. Based on the consensus 
that Cypriniformes is a monophyletic group, three cy-
priniforme species out Cyprinidae (Myxocyprinus asiaticus, 
Gyrinocheilus sp., and Misgurnus sp.) were selected as out-
group (Table 2, Figure 2). All tissues used for DNA extrac-
tion were preserved in 95% ethanol and corresponding 
specimens were deposited in the Freshwater Fish Museum 
of Institute of Hydrobiology of Chinese Academy of Sci-
ences. 

DNA sequence data collection and alignment 

Field collections of muscle or fin tissues were fixed in 95% 
ethanol alcohol and kept at 20°C in the laboratory until the 
time of DNA extraction. Total genomic DNA was isolated 
from muscle or fin tissues using phenol/chloroform extrac-
tion procedure (Sambrook et al., 1989). The nuclear RAG2 
gene and the mitochondrial genes were amplified from total 
DNA extracts via polymerase chain reaction (PCR) using 
published and/or optimized primers (Table S3 in Supporting 
Information). Reaction mixtures contained approximately 
100 ng of DNA template, 5 µL of 10× reaction buffer, 2 µL 
dNTPs (each 2.5 mmol L1), 2.0 U Taq polymerase, and   
1 µL of each oligonucleotide primer, each at 10 µmol L1 
concentrations, in a final volume 50 µL. The PCR amplifi-
cation profile included an initial denaturation step at 94°C 
for 3 min, followed by 35 cycles of denaturation of 30 s at 
94°C, annealing of 30 s at 45°C–56°C (annealing tempera-
ture depended on gene amplified), extension of 90 s at 
72°C, and a final extension of 8 min at 72°C. Amplified 
DNA was fractionated by electrophoresis through 0.8% 
low-melting agarose gels, recovered from the gels, and pu-
rified using BioStar Glassmilk DNA purification Kit ac-
cording to manufacturer’s instructions. Nucleotide se-
quences of the RAG2 gene and the mitochondrial 16S rRNA 
gene were determined using purified PCR product. All se-
quences have been deposited in GenBank (Table 2). 

For the protein-encoding genes, multiple alignments of 
sequences were performed using CLUSTAL X (Thompson 
et al., 1997). For the mitochondrial 16S rRNA gene, se-
quences were initially aligned using CLUSTAL X, and the 
aligned sequences were finally viewed and further manually 
aligned based on secondary structural elements and con-
served motifs, by comparing to existing models of the mi-
tochondrial 16S rRNA secondary structure for the cyprinid 
fishes (De Rijk et al., 2000; Gutell and Fox, 1988; Gutell et 
al., 1993). For the protein-coding genes, preliminary align-
ments were performed using CLUSTAL X (Thompson et 

al., 1997), then the computer-generated alignments were 
carefully adjusted manually by comparison with amino acid 
sequences implemented in MacClade 4.0 (Maddison and 
Maddison, 2000). 

Phylogenetic analyses and evolution of ploidy levels  

The combined data of DNA sequences was then used for the 
following phylogenetic analyses. Maximum parsimony 
(MP) analyses were conducted using PAUP*4.0b10. 
Equally weighted parsimony heuristic tree search was per-
formed using tree bisection-reconnection (TBR) branch 
swapping and 1,000 random sequence addition replicates. 
Robustness of the nodes recovered was evaluated with a 
nonparametric bootstrap analysis (Felsenstein, 1985) of 
1,000 pseudoreplicates and decay indices were generated 
with the program Autodecay (Eriksson, 2001). The ML 
analyses were performed using the program RAxML 
(Stamatakis, 2006). We searched for the ML topology with 
the highest likelihood during the 2,000 searches, using 
bootstrap analyses with 500 replicate to measure support for 
the recovered clades. The GTRGAMMAIG model was em-
ployed in the ML analyses. 

Bayesian phylogenetic analyses were performed using 
the software MrBayes 3.1.2 (Ronquist and Huelsenbeck, 
2003). Best-fit model of nucleotide substitution for the 
combined data was selected with the hierarchical likelihood 
ratio test using the program Modeltest3.7 (Posada and 
Crandall, 1998). Metropolis-coupled MCMC analyses were 
run for 2×107 generations, with one in every 1,000 genera-
tions being sampled. In order to identify and discard the 
generations prior to stationarity, we used the program Trac-
er (version 1.4) to plot log-likelihood scores, tree lengths, 
and all model parameter values against generation number. 
These graphical inspection analyses can help us evaluate 
“burn-in” generations. Our chain convergence diagnoses 
suggested that chain convergence generally occurred within 
the first 2 million generations, and we followed a conserva-
tive approach by discarding the first 10 million generations 
(10,000 sampled trees) as burn-in and using the remaining 
1,000,000 generations (10,000 sampled trees) in all subse-
quent analysis. The 50% majority-rule consensus trees were 
generated with mean branch-length estimates, posterior 
probability values for each node, credible sets of trees, and 
parameter estimates.  

To trace evolution of ploidy levels within the cyprinine 
fishes, we map the states of fish karyotypes onto the clado-
gram from the above phylogenetic analyses. The ancestral 
states for ploidy levels were reconstructed by using the 
function implemented in Mesquite (Maddison and 
Maddison, 2015), with the parameter of trace characters 
over trees, and ancestral state reconstruction method of par-
simony ancestral states. 

Divergence time estimation 

The rate constancy along the evolutionary lineages across  
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the ML tree was evaluated using the likelihood ratio test 
with likelihood values estimated with and without enforcing 
a strict molecular clock. In the absence of rate-constant 
model, we estimated the divergence dates using the penal-
ized likelihood (PL) approach  (Sanderson, 2002) as im-
plemented in the program r8s version 1.7 (Sanderson, 
2003), which relaxes the assumption of a strict molecular 
clock with a continuous autocorrelation of substitution rates 
across the phylogeny and allows tuning of rate variation via 
a cross-validation procedure.  

Divergence date estimates were based on the tree topol-
ogy obtained from the Bayesian analysis. In the PL method 
for estimating divergence times, a truncated Newton (TN) 
algorithm for optimizing the objective function and the ad-
ditive penalty function were used. We used fossils to cali-
brate the ultrametric tree and to date internal nodes. The 
earliest fossil specimens of Labeo-like and Barbus-like 
fishes are known from Early Miocene, and thus a minimum 
age constaint (16.0 Mya) was assigned to the root of the 
subfamily Cyprininae (Stewart, 2001; Van Couvering, 
1977). The fossil specimens of Labeo sp. in the Late Mio-
cene were mapped as a minimum age constraint to the root 
of the labeonine clade (Stewart, 2009; Van Couvering, 
1977), and the fossil specimens of Barbus sp. in the Late 
Miocene mapped as a minimum age constraint to the root of 
the barbine clade (Otero, 2001; Van Couvering, 1977). We 
fixed an age of 27.70 Mya to the origin of the subfamily 
Cyprininae because molecular clock studies suggested that 
the separation of the subfamilies Cyprininae and Leucisci-
nae occurred in the mid-Oligocene. Furthermore, the 95% 
confidence intervals for these estimated ages were also de-
termined using the lengthy boostrap analysis. One hundred 
bootstrap pseudoreplicates were generated from the com-
bined data matrix using SEQBOOT in Phylip 3.5c 
(Felsenstein, 1993). While keeping the tree fixed, for each 
pseudoreplicate the nodal depth (hence age estimates) of the 
nodes was estimated by ML with the preferred model of 
molecular evolution selected by ModelTest (Sanderson, 
1997). For each node, the 95% confidence intervals of nodal 
ages were calculated on a distribution of 100 ages obtained 
by bootstrapping the concatenated data matrix.  

Temporal variation in diversification rates 

We employed temporal methods as implemented in the R 
program package LASER (Rabosky, 2006a) to address the 
specific hypotheses concerning diversification rates, such as 
when, how much, and where diversification rate shifts took 
place along the inferred Cyprininae phylogeny. The ingroup 
PL chronogram, the chronogram resulting from PL analysis 
of Bayesian tree with all non-Cyprininae taxa and duplicate 
species excised from the tree, was used to test for shifts in 
diversification rates.  

The test was based on the birth-death likelihood analysis 
(BDL) (Rabosky, 2006b). The null hypothesis of constancy 
of diversification rates is tested using AIC. In the present 

study, a set of diversification models implemented in 
LASER, e.g. pure birth, birth-death, exponential densi-
ty-dependent (DDX), logistic density-dependent (DDL), 
yule2rate, and yule3rate were considered for AIC tests. On-
ly observed branching times were considered as possible 
shift points. The significance of the observed change in AIC 
(ΔAICRC) was assessed with the function yuleSim of 
LASER, which simulates 1,000 phylogenies with the same 
number of taxa under the null hypothesis of rate-constancy 
(pure birth) model. 

Diversification rate shifts 

We used the topological program SymmeTREE (Chan and 
Moore, 2005) to determine if diversification rate shifts exist 
across the Cyprininae. The topological methods compare 
the observed topological distribution of species’ diversity to 
a distribution generated under the Yule model of an 
equal-rates Markov random-branching process. We per-
formed six whole-tree tests of differential diversification 
rates: MR, MΠ and MΣ, MΠ

* and MΣ
*, and IC with the pro-

gram SymmeTREE, and these statistics are differentially 
sensitive to diversification rate variation at different node 
depths (Chan and Moore, 2002, 2005; Moore et al., 2004). 

To detect and locate unusually rapid diversification rate 
shifts across the Cyprininae lineages, we used four “shift” 
statistics differing in power and bias, two likelihood ra-
tio-based statistics (Δ1 and Δ2), the Slowinski and Guyer 
statistic (Chan and Moore, 2005) (SymmeTREE 1.1), and 
the relative cladogenesis statistic (Nee et al., 1992) (imple-
mented in END-EPI 1.0 as the relative cladogenesis test).  

Semilogarithmic plot of Lineage-through-time 

We constructed a Lineage-through-time (LTT) plot of the 
ingroup PL chronogram without doublet species using the 
program GENIE 3.0. To evaluate the effects of incomplete 
taxon sampling on the slope of the empirical LTT plot, we 
generated 1,000 replicate phylogenetic trees with 1,132 ex-
tant taxa under a death-birth ratio of 0.5, and randomly 
pruned each tree to 123 taxa by using the program Phylogen 
1.1. These 1,000 subsampled trees with 123 taxa were then 
used to construct a mean LTT curve and 95% confidence 
interval for comparison with the empirical LTT curve.  
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Figure S1  Tree resulting from Bayesian analyses of the concatenated gene sequences. Nodes for the key clades recognized are marked with abbreviated 
capitals referring to those in Table 1. Numbers near the nodes represent the values of posterior probability/bootstrap proportion/bootstrap 
proportion/decay indices.  

Table S1  The six whole-tree tests of diversification rate variation in the cyprinid phylogeny by batch analysis of the bootstrap profile of trees from ML 
analysis under unpartitioned strategy using RAxML 

Table S2  Results of fitting diversification models to the Cyprininae using Birth-Death Likelihood 
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