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Abstract

In this study, the phylogeographical pattern of the Amur minnow (Rhynchocypris
lagowskii) widely distributed in the cold freshwaters of the Qinling Mountains was
examined. A total of 464 specimens from 48 localities were sequenced at a 540-
bp region of the mitochondrial cytochrome b (Cytb) gene, and 69 haplotypes were
obtained. The mean ratio of the number of synonymous and nonsynonymous sub-
stitutions per site (dN/dS) was 0.028 and indicated purifying selection. Haplotype
diversity (h) and nucleotide diversity (z) of natural populations of R. lagowskii varied
widely between distinct localities. Phylogenetic trees based on Bayesian inference
(BI), maximum likelihood (ML), and maximum parsimony (MP) methods, and network
analysis showed five well-differentiated lineages, but these did not completely cor-
respond to localities and geographic distribution. Meanwhile, analysis of molecular
variances (AMOVA) indicated the highest proportion of genetic variation was attrib-
uted to the differentiation between populations rather than by our defined lineages.
In addition, there was no significant correlation between the pairwise Fst values and
geographic distance (p > .05). Based on the molecular clock calibration, the time to
the most recent common ancestor (TMRCA) was estimated to have emerged from
the Late Miocene to the Early Pleistocene. Finally, the results of demographic history
based on the neutrality test, mismatch distribution, and Bayesian skyline plot (BSP)
analyses showed that collectively, the populations were stable during the Pleistocene
while one lineage (lineage E) probably underwent a slight contraction during the
Middle Pleistocene and a rapid expansion from the Middle to the Late Pleistocene.
Therefore, the study suggests the current phylogeographical pattern of R. lagowskii
was likely shaped by geological events that led to vicariance followed by dispersal and
secondary contact, river capture, and climatic oscillation during the Late Miocene to

the Early Pleistocene in the Qinling Mountains.
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1 | INTRODUCTION

Phylogeography is the study of historical processes that may be
responsible for the contemporary geographic distributions of ge-
nealogical lineages within and among closely related species and is
primarily conducted using molecular markers (Avise, 2000; Bowen
et al., 2016; Chen et al., 2020; Hardouin et al., 2018; Li et al., 2011;
Schneider et al., 1998; Wang et al., 2012; Wu et al., 2009; Yu et al.,
2014). It can be used to identify different historical forces, such as
population expansion, bottlenecks, climate oscillation, vicariance,
and migration, analyze the variation in population distributions, and
reconstruct the evolutionary processes of fauna and flora (Huang,
2012). Animal mitochondrial DNA (mtDNA) had been widely used in
phylogenetics for systematic, population genetics, phylogeography,
and comparative phylogeography (Avise et al., 1987; Bowen et al.,
2016; Chen et al., 2020; Hardouin et al., 2018; Yu et al., 2014) and
was employed in this study due to its maternal inheritance, rapid
mutation rate, and low level of intermolecular genetic recombination
(Brown et al., 1979; Clayton, 1982; Giles et al., 1980).

The Qinling Mountains represent a natural boundary between
the northern and southern regions of the country and separate the
Chinese temperate and subtropical climatic zones (Ding et al., 2013),
resulting in differentiated terrestrial and freshwater fauna (Li, 1981;
Zhang, 2011). Meanwhile, the rapid uplift of these mountains and
climatic oscillation were influenced by the Qinghai-Tibet Plateau
movement from the Miocene to the Pleistocene and have played
important roles in influencing the phylogeographical patterns of a
variety of organisms, including parasite, amphibian, fish, and mam-
mal species (Chen et al., 2020; Hardouin et al., 2018; He et al., 1992;
Hu et al., 2021; Huang et al., 2017; Li et al., 2021; Liu et al., 2015;
Meng et al., 2014; Shao et al., 2019; Shi, 2002; Wang et al., 2012,
2013; Yu et al., 2014; Zhang & Fang, 2012).

The Amur minnow (Rhynchocypris lagowskii) (Figure 1) is a small
cyprinid widely distributed in cold freshwater from the Lena and
the Amur Rivers southward to the Yangtze drainage in East Asia
(Bogutskaya et al.,2008; Chen, 1998; Min & Yang, 1986). R. lagowskii
and related fish species were selected for phylogeographic studies

because their specific ecological upstream distribution resulted in

lcm

FIGURE 1 Amur minnow, Rhynchocypris lagowskii

much smaller population sizes, low dispersal ability, and restricted
gene flow (Hassan et al., 2015; Higuchi & Watanabe, 2005; Kang
et al.,, 2000; Min & Yang, 1986; Nishida et al., 2015; Sakai et al.,
2014; Xue et al., 2017; Yu et al., 2014; Zhang & Chen, 1997). The
divergence times of other parasite and fish species in this region
were estimated to have occurred during the Early to the Middle
Pleistocene and followed the rapid uplift of the Qinling Mountains
(Chen et al., 2020; Hardouin et al., 2018; Yu et al., 2014; Zhang &
Fang, 2012). However, the time to the most recent common an-
cestor (TMRCA) of the congeneric species Rhynchocypris oxyceph-
alus, Rhynchocypris percnurus, and R. lagowaskii was estimated to
be in the Late Miocene. As a consequence, the phylogeographi-
cal pattern of R. oxycephalus was shaped by the geological events
and Pliocene climate fluctuations, but this study only used four
individuals of R. lagowaskii as the outgroup taxa (Yu et al., 2014).
Unfortunately, there have been limited studies and insufficient
sampling of R. lagowskii in the Qinling Mountains (Yu et al., 2014),
so it has been difficult to evaluate the phylogeographical pattern
of R. lagowskii in this region. Therefore, the purpose of the study is
to use a larger number of specimens and cover a wide geographical
range in the Qinling Mountains to illustrate the phylogeographical
pattern of the species. For this work, we explored the phylogeo-
graphical pattern of R. lagowskii, based on the cytochrome b (Cytb)
gene sequences of 464 specimens from 48 geographical localities
in the main Qinling Mountains. In addition, the study also assessed
genetic differentiation between populations, demographic history,
and the effects of geological events or climate oscillation during

the Pleistocene.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

The study was approved by the Animal Care and Use Committee of
Shaanxi Normal University. The species is not evaluated in the IUCN
red list status (https://www.iucnredlist.org). None of the species
sampled are endangered or protected in China (Yue & Chen, 1998).
Fish sampling is permitted by the local level authority in scientific

research.

2.2 | Sample collection

Specimens of R. lagowskii were sampled from 48 localities, which
covered most regions of the Qinling Mountains, from May to
Octoberin 2016 and 2017 (Figure 2 and Table 1). The fish were rap-
idly euthanized by a blow to the head and stored in 96% ethanol
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FIGURE 2 Map of sampling localities for Rhynchocypris lagowskii populations. The map was downloaded from the National Geomatics
Center of China with slight modification using Arcgis10.1. The locality codes are given in Table 1. The populations belonged to different
lineages labelled red (a), yellow (b), blue (c), cyan (d), and purple (e), respectively
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within three minutes. Subsequently, the specimens were examined
microscopically in the laboratory, and species identification was per-
formed based on the morphological characteristics (Chen, 1998). A
total of 464 specimens were identified. Finally, specimens were in-
dividually stored in 96% ethanol at 4°C. Voucher specimens were
deposited in the Fish Disease Laboratory, College of Life Sciences,
Shaanxi Normal University, Xi'an, China, 710062 (Accession number:
Acc.RL2017001-2017464).

2.3 | DNA extraction, PCR amplification, and
direct sequencing

Total genomic DNA of R. lagowskii was extracted from each speci-
men following the operation instruction of the TIANamp Marine
Animals DNA Kit (Tiangen Biotech, Beijing, China). The forward
primer Cytb-F (5-ATGGCAAGCCTACGAAAAAC-3’) and the re-
verse primer Cytb-R (5-GATTACAAGACCGATGCTTT-3’) designed
based on the same species (Zhao et al., 2016) were used to am-
plify a 540-bp fragment of the mitochondrial cytochrome b (Cytb)
gene by polymerase chain reaction (PCR) for each specimen. PCR
amplification was performed in a total volume of 25 uL, containing

3 mM MgCl,, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 0.25 mM of each
dNTP, 1.25 U rTaq polymerase (TaKaRa, Dalian, China), 0.4 uM of
each primer, 45 ng gDNA, tapped with Milli-Q water. The follow-
ing cycling conditions were applied: initial denaturation for 1 min at
93°C followed by 35 cycles of denaturation for 10 s at 92°C, anneal-
ing for 1.5 min at 51°C, and extension for 2 min at 60°C with a final
extension for 6 min at 72°C (Chen et al., 2020). All fragments were
initially purified with a PCR purification kit (BGI Biotech, Shenzhen,
China), subsequently subjected to electrophoresis in a 1% agarose
gel, and finally sequenced with the forward primer using an ABI
Prism®3730 automated sequencer (Applied Biosystems, Foster
City, USA).

2.4 | Dataanalyses

2.4.1 | Population genetic diversity

A total of 464 Cytb gene sequences were visually inspected
and manually edited using BioEdit v7.0.9.0 (Hall, 1999) and
then aligned with MUSCLE (Edgar, 2004) as implemented in
MEGA v6.06 (Tamura et al., 2013). Subsequently, the ratio of


https://en.jinzhao.wiki/wiki/Cytochrome_b
https://en.jinzhao.wiki/wiki/Cytochrome_b

CHEN ET AL.

4 0of 15 .
Ecol Evol
—I—Wl LE Y-Fcology and Evolution

62T0°0 F 6T€0°0
€62000°0 + 20000
0€000°0 F £99000°0

ZT700°0 + 127000

€€000°0 + €S5T000

G¥000°0 + 8441000
#2000°0 + 6480000
¥2000°0 + 6£8000°0
£9200°0 + 565000
L6000 F 92100

19600°0 F2SS0°0

S¥10°0 + 20200
€62000°0 + #££000°0

80000 + 5Z¥00°0
T€0000 * 64100
10000 + ¥9200°0
8%/00°0 F 0£500°0
¥2000°0 + 6£8000°0

046000 ¥ 0€T0'0

¥S10°0 29200

x®

TET'0 0090
¥ST°0 ¥002°0
6ST°0 ¥ 95€°0

ZSTOF¥¥90

70T°0 + 689°0

0€T'0+952£°0
CET'0 F 90
CET0F L9Y°0
6ST°0 +95€°0
¥ST°0 ¥ 0020

9,00 + 008°0

¥9T°0 F 11570
#GT°0 ¥ 0020

€0T'0 F¥¥8°0
T0T°0 F ¥¥9°0
9800 F TTL0
70T°0 + 6890
CET'0F L9t0

T8T°0 F84€°0

2900 F€€6'0
Yy

(T)vdeH ‘(9)TedeH ‘(g)6TdeH
(T)cedeH ‘(6)gdeH
(2)9vdeH ‘(8)otdeH

(T1)StdeH
(T)vvdeH ‘(g)evdeH (9)zydeH

(2)1vdeH ‘(€)ovdeH (S)6edeH

(T)8€deH ‘(z)LedeH
‘(T)9edeH ‘(1)zedeH ‘(s)otdeH

(£)eedeH ‘(g)gdeH
(£)5edeH (g)otdeH
(¢)1zdeH ‘(8)otdeH

(T)otdeH ‘(¢)gdeH

(e)yedeH
‘(T)cedeH ‘(€)yrdeH ‘(€)gdeH

(oT)zedeH

(ot)TedeH

(T)ogdeH ‘(¢)6zdeH ‘(£)8zdeH
(T)zzdeH ‘(6)TTdeH

(T)9zdeH (T)szdeH (T)yedeH
‘(z)ecdeH ‘(y)zzdeH (T)9deH

(T)TzdeH ‘(S)ozdeH ‘()6TdeH
(v)gTdeH ‘(z)L1deH (#)91deH
(e)5TdeH ‘(z)y1deH ‘(G)eTdeH
(€)zTdeH ‘(z)otdeH
(oT)otdeH

(1)otdeH

(oT)TTdeH

(or)otdeH

(t)otdeH ‘(1)6deH ‘(g)gdeH

(2)2deH ‘(1)9deH (1)sdeH
‘(2)ydeH ‘(z)edeH (T)zdeH ‘(1)1deH

sadAjo|deH

1°G891
§°/80T
€TLIT

€06€T

7'EV8

7’6991

G'08L
§'qIeT
T6¢ST
£'8¢0T

€88/
0'¢68
€T00T
7’601
¢'SE0T

SCITT
0Civt
149125
£0CL
6'99v1
Sv96
8'€C9
0'ceot
7’699
0'00TT

1926
()

apny

oC787¢8'80T3/.89€798°EEN
0CSL6C6L013/066LCL8'EEN
069225 L0T3/.9€CT09°EEN

o/8¥¥67°L0T3/oT8TCYBEEN

o€£0T8L60T3/oLECIBE EEN

08500%C£013/¥7LSTOT'VEN
005EYPT'80TA/S8E9LE'EEN
0062901'8013/0C€9L8S EEN
0018577 80TA/e¥76CVEY EEN
08£525T'80T3/,0900T6'€EN

00GSTOT'80T3/0C59/88°EEN
0€0ST00L0T/69S6TLTVEN
0G/¥968°90T3/0€CTELLTEN
000966%'6013/06CCSCT6'EEN
0E€E€¥88C'60T3/EGEYI0 9EN

0£90559'90T3/.070TS6 VEN
o1£669£°80T/oV79ELL EEN
o€9¥CEL'90TA/6TEBTVE6' EEN
0092STT'60T3/oC708TOVEN
0£586%6'L0T3/,019C0L'EEN
0€5L0%76'£0T3/:9L70T1' EEN
o0TC6L9°L0T3/LT99LEEEN
oCE9YSE60TI/oELIITE IEN
0€56690°8013/oS70LIY EEN
00900T0'80T3/0CTL6T8 EEN

0CEY068'9013/08989SLVEN

sa)eulploo)

or/e
ot/c
ot/c

ot/v

ot/e

ot/s
or/e
ot/c
or/e
ot/c

ot/v
or/T
oT/1
ot/e
ot/e

01/9
or/e
or/€
ot/e
ot/e
oT/T

/T
oT/T
or/T
or/e

ot/L
N/u

3/a/v

w w O w

/2

J/Y

3/a

J/V

w O w owow

/2

J/V

98eaurq

"A0d IXueeys “o2) ue dueyd
"A0Ud IXueeys “o) Iyznoyz

"A0Jd IXUBRYS “0D) SueA

"A0Id IXueeys <o) leqie]

‘A0.d
IXueeys “0) noyzsueys

"N0Jd IXueeys oD [eqle]
"A0Id IXUeeys 0D 1yznoyz
"A0Jd IXueeys <0 ueyssuiN
"AOJd IXUBBYS “0D) UBYSSUIN

"AoJd IXueeys “o?D Iyznoyz

"A0Jd IXUBRYS 0D IYyznoyz

‘NOId IXUBEYS “0D) UIGISAA

"A0.d IXueeys “o0D) SuayzueN

"A0.d IXUeeYS “07) ueljueT]

"A0Id IXueeys “0D n4

"A0Id IXueeys <07 SuoT
"A0Jd IXueeys “0D) ueyssuiN
"A0Id IXueeys <07 Sua4
‘A0Jd IXueeys <o) ueduey)
"A0Ud IXueeys 0D 3uido
‘AOJd IXueeys “o) Suido
"A0Id IXUueeyS “0D) Suex
‘A0Jd IXueeys “o) uenbueo
‘A0Ud IXueeys 0D uido4

"A0Jd IXueeys “0D Iyznoyz

"A0Jd IXueeys <o) SuoT

Anjeaoy

ZMI
ZZH
ASH

HSH

HINH

AMH
JHH
OH
1dH
dOH

HaH
SAD
05
do
Zr

o9
fHO
OH4
AAd
OHA
Zdd
g0d
ZHD
gHD

z44

aga

9pod
uone|ndod

DISMoBD| sLIdA20YyouAyy JO S3131|ED0| 81 J0) S92UDNDAS GIAD) BY3 Uo paseq A}siaAIp adAjojdey pue uoljewsojul Suldwes T 379V1L



50f15

Ecology and Evolution
& e~ WILEY

CHEN ET AL.

887000 F ¥150°0

09600°0 +2S5S0°0
190000 ¥ TTT00°0
#2000°0 + 6£8000°0
€910°0 82200
¥79600°0 + ¢£S0°0
€0500°0 ¥ 2100

€7€00°0 + /100
€62000°0 F ¥££000°0

ZZ100°0 ¥ €€¥00°0

¥££000°0 + 06T00°0

GZT00°0 F 127000
€€T0°0 F 69700

#%500°0 + L0E0'0
€62000°0 F #2£000°0
#8€000°0 + 9€T00°0
S6¥000°0 F €£100°0
9850000 F #2100

0€000°0 F £99000°0

x®

9000 ¥ ¢t6'0

LITOFTTLO
1870 F84£0
CET'0 F L9%°0
1870 F84£0
T60°0 840
7070 + 6890

8€T'0+2C90
¥ST°0 ¥ 0020

CET0F L9Y0

T60°0 F84L°0

LETOF8LL0O

¥9T°0 F T16°0

G600 F €€5°0
¥GT°0 ¥ 00Z°0
T1€T°0 ¥ 0090
CET'0F L9t0
¥T1€°0 + £99°0

65T°0F9G€°0
Yy

"AYISIDAIP 9p1jod|dNu ‘v (AYIS1aAIp adAjojdey ‘Y isjenpiAlpul Jo uaquinu ay3 ‘N ‘sadAjojdey gi4) Jo Jaquinu ayj ‘U :3J313 Ul SUOIIRIARIGQY :2J0N

(1)69deH-(1)TdeH

(T)69deH
‘(T)89deH ‘(G)65deH ‘(€)iydeH

(T)29deH ‘(1)99deH ‘(8)gydeH
(e)TzdeH ‘(£)ozdeH
(T)sTdeH ‘(8)zdeH ‘(1)9deH

(¥)09deH ‘(g)6zdeH ‘(z)deH ‘(T)ydeH

(2)59deH ‘(S)y9deH ‘(g)6T1deH
(om)
(o1
(9)6edeH ‘(z)TedeH (¢
(T)z9deH ‘(s)otdeH
(oT)otdeH
(€)T9deH ‘(£)evdeH

(T)09deH
‘(2)65deH ‘()eTdeH ‘(€)gdeH

)
)

(T)gsdeH ‘(1)25deH “(T)95deH
‘(T)s5deH (T)ysdeH (S)eTdeH

(2)esdeH ‘(T)yrdeH ‘(£)eTdeH
(ot)zsdeH

(9)ozdeH ‘(v)eTdeH

(1)ovdeH ‘(6)6edeH

(T)15deH ‘(€)zedeH ‘(9)oTdeH
(€)osdeH ‘(z)ordeH

(T)6t7deH ‘(z)gvdeH

(8)TvdeH ‘(z)6cdeH
sadAjo|deH

7’6991
-8'¢¢9

1659
Tovvt
¢'901T
19001

VL9
€8T
9°0TTT

¥'ceL
T°€S0T

L'S¥8

€'98ET
0'859

€e6v

£°00ST
'6¢9
€'0L0T
9'v6L
£°0€8
VLEIT
9'18€T
L'0ETT

TvL0T

(w)
apmnyy

0€8¢6£0°0113-./100%70'9013

/ 0€LT9TE9EN--ETCELLTEN

08/0815'80T3/.0€EVL96' EEN
0€G2L00°0TT3/0C6STOV VEN
91795€0'60T3/T8T¥8L EEN
0£1006/£°9013/0C€5656VEN
0G97€99/013/:996EBTVEN
0C8CE9G'80TA/6ETY6SG EEN
oE76CT1'60T3/o7889L6'EEN
0LT0070°90T3/oTC6ZC9EEN
o7STV0E'60TA/EVEEIE'EEN
oGTE€LL8L0TT/oC8TLLY EEN
o€¥77598°'90T3/0L0LSTCVEN
0G00€0CL0T3/¥8EICH EEN

o£0T¥0C 80T3/ET6E90'VEN

o€CL9917'L0TI/.ET69COVEN
o162916'8013/.€CLS00VEN
081€68€'9013/.097E9T7'EEN
08692€6'80T3/o79LLLEEEN
0€82¢6E£0°0TT3/oTSG9CS EEN
oECOVTELOTI/OVTLEG EEN
0£98£20°L0T3/S7CSTOVEN
0€002£6'6013/,08661C VEN

00£1685°6013/,TEETIB'EEN

sa)eulpioo)

¥9v/69

ot/v
ot/e
or/e
ot/e
ot/¥
ot/e
or/T
0ot/1
ot/€e
ot/c
or/T
ot/c

ot/v

01/9
or/e
or/T
or/c
ot/¢
or/e
ot/¢

€/c

or/¢
N/u

o/V
J/Y
3/d

o/V

EVe)

O w w 0O

a

a8eaur

S3131[e20| 8¢

"A0Jd IXueeys “o? IAnH
‘A0Jd IXueeys <o) ulhenH
"A0Jd IXuEeYS “0D) INyseyz
‘AoJd Ixueeys <o) 3uo

"A0Id IXUeeys oD 19N

‘AOJd IXueeys <o) ueys3uiN

"A0Jd IXueeys o) ue dueyd
"A0Jd nsues “0) InH

"A0.d IXUeeygs “0J ue,usyz
‘AOJd IXueeys <o) Suex
‘A0 IXueeys o) Sua4

‘Aodd Ixueeys oD n33uay)

"A0Jd IXueeys “0J Iyznoyz

"AOld IXUeeys <02 leqie|
‘A0Jd IXueeys “oD ue3ueyd)
"AO1d IXueeys “oD SueAan|

‘A0Jd Ixueeys “oD uedueyd)

"A0Jd IXueeys <o) SueAueys

‘A0 IXueeys o) leqie]

‘A01d IXueeys 0D Sua4

"A0Jd IXUBeYS “0D) NoyzenH
"A0dd

IXueeys “o) noyzsueys

Anjeaoq

(ponunuo?)

le3ol

4z
J1A
dA
MIA
OAX
dAX
SOX
HIM
DULIL
azs
dAS
XS

JHS

X9S
AgS
Ald

20
OA1
Al
HM
plaj|

HO1

3pod
uone|ndod

T 319vl



60f15 WI LEY-ECOIOgy and Evolution

CHEN ET AL.

Open Access,

nonsynonymous and synonymous substitutions per site (dN/
dS) using maximum likelihood (ML) analysis of natural selection
codon-by-codon via HyPhy and nucleotide composition were cal-
culated with MEGA v6.06 (Tamura et al., 2013). In addition, the
genetic diversity indices for the number of haplotypes (n), hap-
lotype diversity (h), and nucleotide diversity (z) were calculated
using DnaSP v5.10.1 (Librado & Rozas, 2009). Finally, all haplo-
type sequences were deposited in GenBank under accession
numbers MW831313-MW831381.

2.4.2 | Phylogenetic and network analyses

Before phylogenetic analysis, a substitution model for the haplo-
type dataset was determined using the Bayesian information crite-
rion (BIC) in jModelTest v2.2.10 (Darriba et al., 2012). As a result,
the TrN model (Tamura & Nei, 1993) of molecular evolution with
the gamma shape parameter (TrN+G) was selected. Subsequently,
phylogenetic trees based on the mitochondrial Cytb haplotypes
were reconstructed using the Bayesian inference (Bl), maximum
likelihood (ML), and maximum parsimony (MP) methods. The conge-
neric species R. percnurus was selected as an outgroup (Imoto et al.,
2013). Maximum parsimony analysis was implemented in PAUP*
v4.0b10a (Swofford, 2002). Heuristic searches with tree-bisection-
reconnection were executed for 1000 random addition replicates
with all characters treated as unordered and equally weighted.
Maximum likelihood analysis was conducted using RAXML v7.2.8
(Stamatakis et al., 2005), with bootstrap analysis performed with
1,000 replicates. Bayesian inference analysis was performed using
MrBayes v3.1.2 (Ronquist & Huelsenbeck, 2003), and one set of
four chains was allowed to run simultaneously for 15 million gen-
erations. The trees were sampled every 1000 generations, with the
first 25% being discarded as burn-in. Stationarity means that the
log-likelihood kept a stable level with the sampled generations in-
creasing, and it was considered to be reached when the average
standard deviation of split frequencies was below 0.01. A median-
joining haplotype network was then constructed using PopART
v1.7 (Leigh & Bryant, 2015).

2.4.3 | Population genetic structure

The mean genetic distances among the lineages identified in our
phylogenetics analysis (see results) were calculated by an uncor-
rected p-distance model using MEGA v6.06 (Tamura et al., 2013).
Subsequently, the analysis of molecular variances (AMOVA) was
performed to investigate the level of genetic variation between pop-
ulations using pairwise differences F-statistics in Arlequin v3.5.1.2
(Excoffier & Lischer, 2010). Finally, the correlation between the pair-
wise Fst values of the individuals from localities and their geographic
distances (km) was analyzed to test for isolation by distance (IBD)
(Slatkin, 1993) and assessed using linear regression in GraphPad
Prism v 5.0 (www.graphpad.com).

2.4.4 | Divergence time estimation

For divergence time estimation among the lineages identified from
the well-supported phylogenetic clades, a coalescent time estima-
tion method was used in BEAST v1.6.1 (Drummond & Rambaut,
2007). The divergence times of each lineage were estimated using
the TN93+G as a site model, an uncorrelated lognormal relaxed mo-
lecular clock model, and a birth-death speciation tree prior (Ritchie
etal., 2017). The mutation rate of 1% per million years ago (Mya) was
adopted based on the phylogeography studies with the Cytb gene
in cyprinid fish (Durand et al., 2002). Bayesian Markov Chain Monte
Carlo (MCMC) analyses were performed for 15 million generations
while sampling every 5,000" tree, and the first 10% of the trees
sampled were treated as burn-in. Subsequently, the estimates and
convergence of effective sample size (ESS) for all parameters larger
than 200 were checked with Tracer v1.7.1 (Rambaut et al., 2018),
and all resulting trees were combined with LogCombiner v1.7.3
(Drummond & Rambaut, 2007). Finally, a maximum credibility tree
was produced using TreeAnnotator v1.5.3 (Drummond & Rambaut,
2007), visualized, and annotated in FigTree v1.4.2 (Rambaut, 2014).

2.4.5 | Demographic history

Three methods were used with the haplotype dataset to trace the
demographic history. Firstly, the neutrality test between the values
of Tajima’s D (Tajima, 1989) and Fu’s Fs (Fu & Li, 1993) was used to
test for neutral evolution in Arlequin v3.5.1.2. Subsequently, the
mismatch distribution between the values of the sum of squared de-
viations (SSD) and Harpending’s raggedness index (HRI) was used to
test for signals of demographic expansion using Arlequin v3.5.1.2
(Harpending, 1994). Meanwhile, the beginning time of expansion
(t) was calculated following a formula (t = tau/4uk, the value of tau
is expansion parameter, generated by mismatch distribution with
Arlequin v3.5.1.2, the value of u is the mutation rate per nucleotide,
and the value of k is the length of nucleotide sequences) (Rogers &
Harpending, 1992). Finally, the Bayesian skyline plot (BSP) analysis
was performed with strict clock estimation using the TN93+G sub-
stitution model with a mutation rate of 1% per Mya and 15 million
generations to describe demographic history by assessing the varia-
tion between time and ESS in BEAST v1.6.1 and Tracer v1.7.1.

3 | RESULTS

3.1 | Genetic diversity

A total of 464 sequences of R. lagowskii from 48 geographic locali-
ties were obtained (Figure 2). The sequence alignment provided a
dataset matrix of a 540-bp region, of which 115 bp (21.3%) were
parsimony informative sites. Base frequency was biased with the AT
content reaching 54.8%. A total of 69 haplotypes were identified
and included 45 unique haplotypes and 24 shared haplotypes from
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FIGURE 3 Bayesian inference tree between haplotypes based on Cytb sequences of Rhynchocypris lagowskii. The numbers above nodes
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distinct geographical localities samples (Table 1). The mean ratio of
the number of synonymous and nonsynonymous substitutions per
site (AN/dS) was 0.028 (see supplemental material Table S1), indicat-
ing purifying selection.

The haplotype diversity (h) and nucleotide diversity () across the
samples were obtained (Table 1). The highest values of h and = were
analyzed in the two localities (population code: BD and XYG) sam-
ples, respectively, while the lowest values of h and = were obtained
in four localities samples (population code: GJZ, HZZ, LYG, and SZB).
In addition, the most common haplotype (Hap10) was distributed in
ten localities and were accounted for in 18.5% of the individuals (86
of 464), including 75 samples in the Han River, a sample in the Wei
River, and ten samples in the Jialing River, respectively. Interestingly,
the relationship between the genetic diversity and the population

latitude and longitude was uncorrelated.

3.2 | Phylogenetic and network analyses

The phylogenetic analysis found that the identified haplotypes
grouped into five distinct lineages (A-E; Figure 3). The phylogenetic
trees (Bl, ML, and MP) based on the haplotype sequences were con-
gruent topologies and the different lineages did not completely cor-
respond to localities in the Qinling Mountains (Figure 2) (the Bl tree
showed in Figure 3). The network analysis revealed similar results
with the phylogenetic trees (Figure 4). All shared haplotypes were
connected in a star-like manner with some dominant haplotypes
such as Hap10, Hap13, and Hap39. Also, all lineages in the network
diagram do not completely correspond to sample localities.

3.3 | Population genetic structure

The mean genetic distance among our defined lineages ranged
from 3.5% to 13.9% in the Qinling Mountains (Table 2). The lowest
value was found between the lineages C and E samples, whereas
the largest value occurred between the lineages C and D samples.
Subsequently, the analysis of molecular variances (AMOVA) indi-
cated that the highest proportion of genetic variation (45.5%) was
attributed to the differentiation between populations, whereas the
lowest proportion of genetic variation (10.5%) was attributed to the
differentiation among our defined lineages (A-E). Meanwhile, all the

TABLE 2 Mean genetic distance for the Cytb haplotypes
between lineages of Rhynchocypris lagowskii based on the
uncorrected psdistances model

Lineages A B C D E
B 0.105

C 0.108 0.061

D 0.126 0.131 0.139

E 0.095 0.052 0.035 0.131
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variance values of fixation indices were significant, showing that
most of the genetic variation was a partition between populations
rather than by among our defined lineages in the Qinling Mountains
(Table 3). Furthermore, there was no significant correlation between
the pairwise Fst values of the individuals from localities and their
geographic distances (R = 0.00003154, p = .852) (Figure 5), reject-
ing the IBD model.

3.4 | Divergence time estimation

Coalescent techniques were applied to estimate the time to the
most recent common ancestor (TMRCA) and divergence times of
the five lineages. TMRCA of the whole ingroup dated to 7.03 Mya.
The divergence times among lineages diverged from 5.63 Mya to
2.38 Mya (Figure 3). All divergence times occurred during the Late
Miocene to the Early Pleistocene.

3.5 | Demographic history

The neutrality test showed population stability except for lineage
E (Table 4). However, the mismatch distribution demonstrated that
the values of the SSD and HRI index of all individual lineages, except
lineage E and when all lineages were analyzed collectively, did not
reject the hypothesis of sudden expansion. In addition, lineage E was
unimodal, showing population expansion, whereas other individual
lineages and the lineages collectively were multimodal, rejecting
population expansion and suggesting stability (Figure 6). Meanwhile,
the beginning time of expansion (t) of all the individual lineages and
the lineages collectively, except lineage E, was during the Early to
the Late Pleistocene before the Last Glacial Maximum (LGM, 0.023-
0.018 Mya) (Table 4). In addition, the BSP suggested that the effec-
tive population size of R. lagowskii for each lineage and the lineages
collectively, except lineage B, increased rapidly approximately
0.30 Mya during the Middle to the Late Pleistocene, while lineages C
to E and all the lineages collectively, underwent a slight decline from
0.70-0.30 Mya during the Middle Pleistocene (Figure 7). Therefore,
lineage E underwent expansion in the demographic scenarios based

on three methods.

4 | DISCUSSION

4.1 | The geological barrier drove the
differentiation and phylogeographic pattern among
species in the Qinling Mountains

The Qinling Mountains represent a natural boundary between
northern and southern China. The rapid uplift of these mountains
was mainly influenced by the Qinghai-Tibet Plateau movement
which began from the Miocene to the Holocene, especially start-
ing at the Early Pleistocene (Zhang & Fang, 2012), and the changing
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TABLE 3 Results of hierarchical

Degree of  Sum of Variance Percentage of  Fixation . .

L. .. . analysis of molecular variance (AMOVA)

Source of variation freedom squares components  variation indices R
based on the haplotypes of Rhynchocypris

Among groups 4 26 0.0516 Va 10.5 Fct*=0.105 lagowskii
Among populations 43 102 0.223 Vb 45.5 Fsc*=0.508
Within populations 416 90 0.216 Vc 44.0 Fst*=0.440
Total 463 218 0.491

Note: Significant level *p < .01.

topography likely resulted in population differentiation for a number
of terrestrial and freshwater fauna (Li, 1981; Zhang, 2011). Previous
studies have shown that these mountains have played an important
role as a geographical barrier in shaping the significant phylogeo-
graphic patterns of many species with a low dispersal ability, includ-
ing amphibian, fish, and mammal species and may have led to the
fragmentation of populations by vicariance (Hardouin et al., 2018;
Huang et al., 2017; Li et al., 2021; Liu et al., 2015; Meng et al., 2014;
Shao et al.,, 2019; Wang et al., 2012, 2013; Yu et al., 2014).

Subsequently, our study found that the phylogenetic trees, net-
work, and AMOVA yielded well-differentiated lineages. A clear phy-
logeographic pattern was observed with some shared haplotypes
of R. lagowskii across geographic locations. The current pattern was
likely shaped by lower dispersal ability, wide sampling, and past vi-
cariance (genetic isolation among adjacent areas by natural barriers)
followed by a dispersal and secondary contact. The mean genetic
distance among haplotypes of R. lagowskii ranged from 3.5% to
13.9% (overall mean distance, 6.5%). This was higher than that found
in amphibians S. ningshanensis (2.4% to 4.2%) and B. tibetanus (0.0%
to 3.7%) but similar to values found in other fish and amphibian spe-
cies, including R. oxycephalus (6.5% to 7.4%) and Odorrana schmack-
eri (3.4% to 21.1%) in the Qinling Mountains (Huang et al., 2017; Li
etal.,2015; Meng et al., 2014; Yu et al., 2014). The AMOVA indicated
that geographic structuring and the percentage of variation were the
lowest among lineages and the highest between populations. Thus,
this pattern corresponds to the high genetic differentiation among
populations of R. lagowskii, which is similar to results obtained in an-
other amphibian and fish species in this region owing to the lower
dispersal ability with the restricted gene flow and high differenti-
ation (Blasco-Costa et al., 2012; Hardouin et al., 2018; Meng et al.,
2014; Shao et al.,, 2019; Yu et al., 2014).

Furthermore, there was no significant positive correlation be-
tween the pairwise Fst values and geographic distance (km) of R.
lagowskii and this lacked IBD. This is similar to results from some
other amphibian and mussel species (Li et al., 2015; Liu et al., 2017
Wang et al., 2013). Our study showed the current phylogeographical
pattern of R. lagowskii was likely affected by past vicariance (genetic
isolation among adjacent areas by natural barriers) followed by dis-
persal and secondary contact.

Therefore, based on phylogenetic trees, network, mean genetic
distance, AMOVA, and IBD analyses of R. lagowskii, we found that
as R. lagowskii is primarily found in clear cold freshwater from the
midstream to upstream in East Asia (Kang et al., 2000; Nishida
et al., 2015; Zhang & Chen, 1997), the specific ecological upstream

0 100 200 300 400 500
Geographic distance (km)

FIGURE 5 Plots of differentiation estimates of the pairwise Fst
values against the geographic distance (km) between populations
within the Cytb dataset of Rhynchocypris lagowskii. The linear
regression overlays the scatter plots (R?=0.00003154, p =.8520)

distribution results in much smaller population size and higher differ-
entiation between populations (Yu et al., 2014). In addition, the rapid
uplift of the Qinling Mountains during the Miocene to the Holocene,
especially starting at the Early Pleistocene modified the topography
of this area, potentially creating more isolated geographic pockets
of suitable habitat (Zhang & Fang, 2012), and river capture related
to the new tectonic movements also occurred and accelerated fish
dispersal based on some well-supported phylogenetic lineages and
the values of genetic diversity between the samples from watershed
localities in this region (Zhang, 1962). So it is stated that vicariance
and uplift promote differentiation but river capture promotes dis-
persal (Albert & Crampton, 2010; Albert et al., 2017; Zhang & Chen,
1997; Zhang & Fang, 2012). Also, upstream barriers might limit gene
flow (Blasco-Costa et al., 2012).

4.2 | Genetic diversity change during the
glaciation and purifying selection

The R. lagowskii showed high levels of genetic diversity with many
unique haplotypes and with some haplotypes being found across
wide geographic regions indicating limited gene flow.

However, there were three unique haplotypes and four shared
haplotypes in ten of the sampled localities and these populations
had extremely low levels of genetic diversity. This is different from



CHEN ET AL.

Ecology and Evolution 110f15
=t e W1 LEY- 1

TABLE 4 Statistics for the genetic diversity, neutrality test, mismatch analysis and the time of the expansion based on lineages of the

Cytb haplotypes of Rhynchocypris lagowskii

Lineages h b HRI

A 0.921+0.017 0.177+0.0873 0.0212

B 0.711+ 0.086 0.0105+0.00792 0.107

C 0.857+0.018 0.118+0.0575 0.0304
D 0.824+0.033 0.0477+0.0246 0.0468

E 0.805+0.026 0.0402+0.0215 0.0272
Total 0.942+0.006 0.0514+0.00187 0.00855*

Note: Significant level *p < .05, **p < .01.

SSD Tajima's D Fu's Fs tau t (Mya)
0.0429 1.73 10.3 1.34 0.0621
0.0270 1.23 1.19 2.33 0.108
0.0415 -0.220 3.77 0.232 0.089
0.0463 0.692 3.95 16.1 0.743
0.719** -1.77** -1.00 0.000 0.000
0.0149 1.12 2.900 25.8 1.19

Abbreviations: h, haplotype diversity; HRI, Harpending’s raggedness index; Mya, million years ago; SSD, sum of squared deviation; t, beginning time

of expansion; tau, expansion parameter; n, nucleotide diversity.
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FIGURE 6 Mismatch distributions for each lineage and the total samples of Rhynchocypris lagowskii. The observed pairwise differences
are shown as red bars and the simulated values under the sudden expansion model are blue solid lines

the results that found eleven unique haplotypes and one shared
haplotype in twelve localities populations of R. oxycephalus (Yu
et al.,, 2014). The genetic diversity loss across these low diversity
localities is likely the result of genetic drift, bottleneck, founder ef-
fect, habitat fragmentation, inbreeding, and gene flow deficiency
(Hunter & Gibbs, 2006). Our results are in slight contrast to what
has been observed for haplotypes of the congeneric R. oxycelpha-
lus. This species shows a more widespread geographic distribution
with successive sampling, where the haplotypes per locality were
mostly unique and not widely distributed with limited sampling in
the Qinling Mountains (Yu et al., 2014).

Some of the genetic patterns observed in R. lagowskii may be the
results of various refugia that were available during the LGM. During
this period, ice sheet or glaciation extended south to the high lati-
tude and altitude regions in Europe and North America at the LGM
(Hewitt, 1996). The fish and vertebrate species expanded mainly
from southern refugia in more recent interglacials, reducing genetic

diversity, and forming distinct phylogeographical patterns after the
LGM (Hewitt, 1996; Rowe et al., 2004). The high altitude region in the
Qinling Mountains was also affected by Taibai glaciation (0.019 Ma)
(Shi, 2002); however, the genetic diversity of R. lagowskii did not show
the significant latitude and altitude decreasing trend often observed
with other mussel, fish, amphibian, and mammal species in the Qinling
Mountains and other regions of China (Hardouin et al., 2018; Li et al.,
2021; Liu et al., 2015, 2017; Shao et al., 2019; Wang et al., 2012; Xue
et al., 2017; Yu et al., 2014). In addition, populations with high haplo-
type diversity and low nucleotide diversity, such as what has previously
been found in B. lenok tsinlingensis, and B. tsinlingensis, and populations
with a star-shaped haplotype network, such as that observed for R.
lagowskii, are indicative of a classic postglacial expansion after a period
of low effective population size, with rapid population growth enhanc-
ing the retention of new mutations, accumulating haplotype diversity,
but lacking enough time to accumulate nucleotide diversity (Grant &
Bowen, 1998; Hewitt, 1996; Liu et al., 2015; Shao et al., 2019).
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FIGURE 7 Bayesian skyline plots of historical demography for each lineage and the total samples of Rhynchocypris lagowskii. The solid
line represents the median value of the population size and the dashed lines represent the 95% credible intervals. The X-axis represents time
using a mutation rate of 1% per million years ago (Mya), and the Y-axis represents the effective population size

We tested whether the population of R. lagowskii underwent nat-
ural selection through the mean dN/dS value of the mitochondrial
coding protein gene (Cytb). The dN/dS value from coding protein
genes has been used to detect patterns of selection in molecular
evolution (Kimura, 1977; Yang & Bielawski, 2000). Our study also
showed the mean dN/dS value was 0.028 for Cytb. Past work eval-
uating neural crest-associated genes and mitochondrial protein-
coding genes in fish have suggested that when the dN/dS value
is below 0.1 this suggest the genes are under strong purifying se-
lection and slow evolution, safeguarding the biological function of
proteins against deleterious mutations (Kratochwil et al., 2015; Lu
et al., 2019; Rand & Kann, 1998). Therefore, the populations of R. la-
gowskii probably underwent purifying selection with slow evolution
and rapid adaptation with an incomplete mitochondrial gene and a
relatively low value of nucleotide diversity (z) against nonsynony-
mous substitutions often observed with 13 mitochondrial oxidative
phosphorylation (OXPHOS) genes among other cyprinid species (Lu
et al., 2019). More genetic data would be needed to test this conclu-

sion in further study.

4.3 |
history

Population divergence and demographic

The divergence time among all lineages of R. lagowskii was during
the Late Miocene to the Early Pleistocene and is similar to results
from some amphibian and fish species in this region (Hardouin

et al., 2018; Huang et al., 2017; Li et al., 2015; Yu et al., 2014), rep-
resenting an ancient separation. Previous studies showed the phy-
logeographic patterns of some amphibian and fish species were
profoundly influenced by climate oscillations and tectonic barriers
with the rapid uplift of the Qinling Mountains during this period
(Gao et al., 2012; Meng et al., 2014; Wang et al., 2013; Yu et al,,
2014).

The neutrality test, except lineage E, showed population sta-
bility in this region with other amphibian, fish, and mammal spe-
cies (Hu et al., 2021; Meng et al., 2014; Yu et al., 2014). However,
the mismatch distribution, except lineage E, did not reject the hy-
pothesis of sudden expansion. In addition, lineage E was unimodal
and showed expansion, whereas others were stable. The begin-
ning time of expansion (t), except lineage E, was during the Early
to the Late Pleistocene before the LGM following the rapid uplift
of these mountains (Zhang & Fang, 2012). Subsequently, the BSP
suggested rapid expansion, except lineage B, during the Middle to
the Late Pleistocene along with warming temperatures and corre-
sponded to end of Lushan glaciation (0.2 - 0.4 Ma) and this similar
to what has been found in other amphibians and fish in this region
(He et al., 1992; Huang, 1982; Wang et al., 2013; Yu et al., 2014). In
addition, lineages C to E and all lineages collectively underwent a
slight decline during the Middle Pleistocene, and other amphibian
and fish species underwent a sharp contraction during the Late
Pleistocene after the LGM in this region and their distributions
were affected by the climatic oscillation (Meng et al., 2014; Yu
et al,, 2014).
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Therefore, the results of demographic history based on the neu-
trality test, mismatch distribution, and BSP analyses showed that
all lineages collectively were likely stable during the Pleistocene,
and lineage E probably underwent a slight contraction during the
Middle Pleistocene and rapid expansion from the Middle to the
Late Pleistocene. Recently, the specimens of R. l[agowskii from lin-
eage E are mainly distributed upstream of the Han River and Wei
River from the Middle to Western Qinling Mountains and adapt
the cold climate with congeneric species R. oxycephalus (Yu et al.,
2014).

5 | CONCLUSIONS

Our studies suggest the current phylogeographical pattern of R.
lagowskii was likely shaped by the tectonic changes and climatic oscil-
lation during the Late Miocene to the Early Pleistocene in the Qinling
Mountains. The total samples were stable during the Pleistocene,
while lineage E probably underwent slight contraction during the
Middle Pleistocene and rapid expansion from the Middle to the Late
Pleistocene. A further study employing extensive sampling with
larger geographical intervals, more specimens, complete mtDNA
sequences of Cytb gene, and multiple molecular markers might pro-
vide more insight into the phylogeographical pattern of this species
across the whole geographical range. Finally, the phylogeographical
pattern of R. lagowskii helps maintain its genetic diversity and further

conservation in China.
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