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The objective of this study was to examine the spatial genetic relationships of the Lake Qinghai
scaleless carp Gymnocypris przewalskii within the Lake Qinghai system, determining whether
genetic evidence supports the current taxonomy of Gymnocypris przewalskii przewalskii and
Gymnocypris przewalskii ganzihonensis and whether Gymnocypris przewalskii przewalskii are return-
ing to their natal rivers to spawn. Comparison of mitochondrial (control region) variation
(42 haplotypes in 203 fish) of G. przewalskii with the postulated ancestral species found in the
Yellow River, Gymnocypris eckloni (10 haplotypes in 23 fish), indicated no haplotype sharing, but
incomplete lineage sorting. Consistent with the sub-species status, an AMOVA indicated that the
Ganzi River population was significantly different from all other river populations (FST = 0·1671,
P < 0·001). No genetic structure was found among the other rivers in the Lake Qinghai catchment.
An AMOVA of amplified fragment length polymorphism (AFLP) loci, however, revealed significant
genetic differences between most spawning populations (FST = 0·0721, P < 0·001). Both mitochon-
drial and AFLP data found significant differences among G. p. przewalskii, G. p. ganzihonensis and
G. eckloni (FST values of 0·1959 and 0·1431, respectively, P < 0·001). Consistent with the incom-
plete lineage sorting, Structure analysis of AFLP loci showed evidence of five clusters. One cluster
is shared among all sample locations, one is unique to G. p. ganzihonensis and G. eckloni, and the
others are mostly found in G. p. przewalskii. Genetic evidence therefore supports the current taxon-
omy, including the sub-species status of G. p. ganzihonensis, and is consistent with natal homing of
most Lake Qinghai populations. These findings have significant implications for the conservation
and management of this unique and threatened species. The evidence suggests that G. p. przewalskii
should be treated as a single population for conservation purposes. Exchangeability of the popu-
lations, however, should not be used to promote homogenization of fish spawning in the different
rivers. As some degree of genetic divergence was detected in this study, it is recommended that the
spawning groups be treated as separate management units. © 2010 The Authors
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INTRODUCTION

Lake Qinghai is a saltwater lake (salinity 9–11) located within the Qiadam Basin
of the Qinghai–Tibetan Plateau of western China at an elevation of 3200 m. The
lake initially formed during the late Pliocene to mid-Pleistocene [c. 500 000 years
before present (b.p.)] as a result of the downfaulting of the Tibetan Plateau (Bian
et al., 2000). Although the ancestral lake originally drained into the Yellow River,
the connection was severed c. 130 000–150 000 b.p. after an uplift of the plateau
(termed the Gonghe Movement). This turned the drainage inwards, forming the
endorheic basin that comprises the lake today (Zheng, 1997; Li & Fang, 1998).

Although it is the largest lake in China (surface area 4600 km2), few fish species
reside in Lake Qinghai, in part due to extreme conditions (high pH and high salinity)
(Zhu & Wu, 1975; Zheng, 1997). The most economically important of the fish
species is the endemic scaleless or naked carp, Gymnocypris przewalskii (Kessler)
(Cyprinidae: Schizothoracinae). Gymnocypris przewalskii were fished commercially
from the 1950s until the 1990s, when a moratorium was put in place. As the fish are
very slow growing, taking c. 7 years to reach sexual maturity and 10 years to reach
a marketable weight of 500 g, stocks did not easily recover from overexploitation
(Walker et al., 1996). Gymnocypris przewalskii is listed as Grade B on a list of
species of concern by the China Biodiversity Conservation Action Plan (Zhan, 1994;
Yue & Chen, 1998). A small government fishery continues to operate and there have
been reports of ongoing poaching.

Gymnocypris przewalskii is unique among stenohaline cyprinids in that they
undergo an annual migration from the saline lake to adjoining freshwater rivers
to spawn, after which they return to the lake (Walker et al., 1996). The transition
from saline water to freshwater and back to saline water presents significant phys-
iological challenges to the fish, to which they are acclimated in a unique manner.
Direct transfer of river fish to lake water caused significant physiological changes
while allowing most plasma ions (Na+, Cl− and K+) to equilibrate with the saline
lake water (within 12 h of transfer from river water), thereby reducing the energy
necessary for osmoregulation (Wood et al., 2007).

In addition to the difficulty in recovering from previous overexploitation of stocks,
G. przewalskii have been presented with two other challenges. First, freshwater trib-
utaries have been dammed or diverted for agricultural purposes. In combination with
decreased rainfall, this has resulted in the lake becoming progressively shallower.
Water levels have fallen at a rate of c. 10–12 cm per year over the last 50 years,
resulting in increasing salinity levels (Walker & Yang, 1999). Increases in salinity
have occurred since 1978, and current data indicate that this increase is accelerating
(Wang et al., 2003; Yang et al., 2005; Wood et al., 2007). Although G. przewalskii
are currently physiologically able to adapt to the salinity of the lake, experiments
have shown that a slight increase in salinity levels would be toxic (C. Brauner,
unpubl. obs.). Second, the damming and diversion of rivers have resulted in a signif-
icant loss of spawning habitat. Irrigation weirs were constructed on the Shaliu and
Haergai Rivers in the 1950s, restricting access to spawning locations upstream
(Walker & Yang, 1999). The Quanji River was later dammed c. 3 km from the
mouth of the lake, and a fish ladder was not installed until 2006.
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On the basis of the morphological characters, primarily the shape and num-
ber of gill rakers, a sub-species of the scaleless carp, Gymnocypris przewalskii
ganzihonensis, has been identified in the Ganzi River (Zhu & Wu, 1975). While
ancient Chinese historical records indicate that the Ganzi River may have once
flowed directly into Lake Qinghai, a 1964 survey found that it lacked direct connec-
tion to the lake, probably due to the shrinking of the lake shoreline and low flows
in the lower reaches of the river (Zhu & Wu, 1975). The current situation, which
is heavily affected by irrigation, is similar to the conditions in 1964. The lower and
middle reaches consist of marshes with very low flows, and large dunes block direct
surface connection to the lake. As the current status of the population is unknown, an
important objective of this study was to determine the genetic relationship between
G. p. ganzihonensis and G. p. przewalskii (fish from Lake Qinghai and all other
rivers in the Lake Qinghai system). The Ganzi River has been heavily affected by
anthropogenic forces and information on this isolated fish population is critical to
initiation of conservation actions.

Several different genetic markers have been used in the study of fish conserva-
tion. This study uses the control region of mitochondrial (mt)DNA in combination
with amplified fragment length polymorphisms (AFLP). There are an increasing
number of fish studies that combine mitochondrial variation with nuclear mark-
ers, such as AFLPs (Young et al., 2001; Seehausen et al., 2003; Ishikawa et al.,
2004; Mock & Miller, 2005). The mtDNA control region is mostly selectively
neutral (non-coding) and provides information on non-selective processes, such as
mutation and drift. Mitochondrial DNA is frequently used in population genetic
structure studies (Brunner et al., 1998; Stepien & Faber, 1998; Taylor et al., 2001;
Gharrett et al., 2005) and to assess sub-species (Tabata & Taniguchi, 2000; April
& Turgeon, 2006). AFLPs, developed by Vos et al. (1995), allow analysis of multi-
ple loci across the entire nuclear genome. These markers are capable of identifying
relationships at the species or population level, providing the resolving power to
detect the early divergence of lineages (Sullivan et al., 2004). AFLPs are, there-
fore, especially well suited to studies of organisms with very little prior genetic
information, as in G. przewalskii.

The main objective of this study was to assess the spatial genetic structure of
G. przewalskii within the Lake Qinghai system. Samples were collected from each
of the major rivers that drain into Lake Qinghai and from the Ganzi River. To serve
as an out-group, samples of Gymnocypris eckloni Herzenstein, the most closely
related species, were collected from the Yellow River. This sampling design allowed
genetic evidence for the existence of G. p. ganzihonensis (Ganzi River sub-species)
to be placed into the context of genetic divergence from the closest out-group to
G. przewalskii. It also allowed the assessment of the degree of structure found among
fish caught in the rivers draining into the lake (i.e. G. p. przewalskii ). Identification of
a stock structure within the lake would indicate that G. p. przewalskii preferentially
spawn in the same rivers in which they were born (natal homing). The ability to
identify different stocks within Lake Qinghai is also extremely important for the
conservation and management of G. przewalskii populations both within the lake
and in each river. Some tributaries, and associated spawning habitat, may be lost
due to falling lake levels, agricultural divergence and damming. Findings from this
study will have significant implications for the conservation and management of this
threatened species.
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MATERIALS AND METHODS

Lake Qinghai was visited in June 2002, 2004 and 2005 during the spawning run of
G. przewalskii (Fig. 1). Fish samples were collected under permits issued by local and national
authorities and in accordance with the national animal care regulations. An animal care and
use approval was obtained for this research from Queen’s University, Ontario, Canada. Adult
fish were collected from most rivers using a cast net; however, juvenile fish were collected
from the Ganzi River as adult fish were not observed. Caudal fin clips [preserved in a dimethyl
sulphoxide (DMSO) salt solution (Seutin et al., 1991)] were mostly taken from live fish, which
were then released, although a small number of fish were lethally sampled. Samples were
taken from one location each in the Heima, Quanji, Shaliu, Haergai and Ganzi Rivers, and
from two locations in the Buha River (the largest tributary). Sample numbers and geographic
co-ordinates are shown in Fig. 1. Gymnocypris eckloni samples were collected by a local
fisherman from the upper reaches of the Yellow River near the town of Madoi in June 2004
(n = 23 and 38 for mtDNA and AFLP analyses, respectively).

DNA was extracted from tissue samples using a standard phenol–chloroform method fol-
lowed by ethanol precipitation and resuspension in a standard Tris-EDTA solution (Sambrook
& Russell, 2001).

M T D NA A NA LY S I S

Approximately 50 ng of genomic DNA was added to 24 μl of polymerase chain reaction
(PCR) master mix containing 1× PCR buffer, 250 μM of each deoxy-nucleoside triphosphate
(dNTP), 2 mM MgCl2, 0·2 μM of each primer (ProL1 and CRH1; Table I) and 1 U of Taq
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Fig. 1. Map of the Lake Qinghai catchment showing sampling locations of Gymnocypris przewalskii przewal-
skii (Heima, Buha 12, Buha 13, Quanji, Shaliu and Haergai) and Gymnocypris przewalskii ganzihonensis
(Ganzi). For each location, the latitude and longitude and the sample size used for the mtDNA and AFLP
analyses, respectively, are shown.
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Table I. Oligonucleotides used in mitochondrial and amplified fragment length polymor-
phism (AFLP) analyses of Gymnocypris przewalskii przewalskii and Gymnocypris przewalskii

ganzihonensis

Oligonucleotides Sequence

mtDNA
ProL1 5′ CCTAGCTCCCAAAGCCAGA 3′
CRH1 5′ TGTTGGCTGATACGTTCTTGG 3′
SProL1 5′ TTCTGAACTAAACTATTCTCTGG 3′
SH1 5′ CCATTTACTGAGCGTAGGG 3′

AFLP
Adapters

EcoRI-adapter-fwd 5′ CTCGTAGACTGCGTACC 3′
EcoRI-adapter-rev 5′ AATTGGTACGCAGTCTAC 3′
MseI-adapter-fwd 5′ GACGATGAGTCCTGAG 3′
MseI-adapter-rev 5′ TACTCAGGACTCAT 3′

Pre-selective primers
EcoRI-A 5′ GACTGCGTACCAATTCA 3′
MseI-C 5′ GATGAGTCCTGAGTAAC 3′

Selective primers
E-AAG 5′ GACTGCGTACCAATTCAAG 3′
E-ACG 5′ GACTGCGTACCAATTCACG 3′
M-CAA 5′ GATGAGTCCTGAGTAACAA 3′
M-CAC 5′ GATGAGTCCTGAGTAACAC 3′
M-CAG 5′ GATGAGTCCTGAGTAACAG 3′

(Invitrogen; www.invitrogen.com). The amplification programme was 94◦ C for 4 min, 47◦ C
for 1 min and 72◦ C for 2 min, followed by 39 cycles of 94◦ C for 30 s, 47◦ C for 30 s and
72◦ C for 90 s, ending with 72◦ C for 8 min. Amplifications were carried out on a DYAD or
PTC-100 thermal cycler (MJ Research, Inc.; www.bio-rad.com). The resulting DNA was puri-
fied using the Wizard PCR Preps DNA Purification System (Promega; www.promega.com).
DNA sequencing was performed using the DTCS Quick Start Kit (Beckman Coulter, Inc.;
www.beckmancoulter.com) with 1·6 μM SProl or SH1 primers (Table I). Sequence frag-
ments were separated on the CEQ 8000 Genetic Analysis System (Beckman Coulter) using
the LFR-1 method.

Data analysis
Sequence chromatograms were viewed and edited in Sequencher 4.2 (Gene Codes;

www.genecodes.com). To confirm variation, haplotypes were sequenced in both directions
(with both SProL1 and SH1 primers) and, in many cases, multiple individuals (Fig. 2).
Sequences reported here have been deposited in the Genbank database under accession num-
bers EU150135–EU150186.

Sequences were aligned with ClustalW implemented in MEGA 3.1 (Kumar et al., 2004).
An analysis of molecular variance (AMOVA) was performed in Arlequin 3.11 [DNA data
type; genotypic data set to 0; 1000 permutations (Excoffier et al., 2005)]. Three hierarchical
analyses were conducted by first grouping the data in accordance with the currently accepted
taxonomy and then sequentially removing the G. eckloni and G. p. ganzihonensis groups.
Population statistics, including haplotype diversity, nucleotide diversity, and estimates of θ
(θ = 2Nfμ, where Nf is the female effective population size and μ the mutation rate) were
also calculated in Arlequin. Phylogenetic relationships among the haplotypes were studied
using neighbour-joining (Kumar et al., 2004), parsimony networks (Clement et al., 2000) and
maximum likelihood methods (Guindon & Gascuel, 2003). jModeltest 0.1.1 (Posada, 2008)
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Fig. 2. Maximum likelihood tree of Gymnocypris przewalskii and Gymnocypris eckloni mitochondrial DNA
haplotypes identified by sequencing the control region. The best-fit model of nucleotide substitutions iden-
tified using the Bayesian Information Criterion (BIC) implemented in jModeltest 0.1.1 (Posada, 2008),
Hasegawa, Kishino and Yano (HKY) with unequal base frequencies and a proportion of invariable sites,
was used by the programme PHYML (Guindon & Gascuel, 2003) to estimate the above phylogeny and
calculate bootstrap values. Bootstrap values greater than 50% are shown. A model-averaged phylogeny
(Posada, 2008) using relative model weights based on either the BIC or Akaike Information Criterion
(AIC) is identical in topology to the tree shown with all nodes having a model support of 1·0. H indicates
G. przewalskii and E (with asterisks) indicates G. eckloni haplotypes. Haplotypes found in the Ganzi
River are indicated by superscript g. The sample size of each haplotype is shown in brackets. For the
G. przewalskii haplotypes, the sample size in each sample location is shown in the order of Heima,
Buha12, Buha13, Quanji, Shaliu, Haergai and Ganzi, respectively. Underlined haplotypes are found in
samples that are members of an amplified fragment length polymorphism (AFLP) cluster found in the
Yellow and Ganzi Rivers (Fig. 3).
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was used to find the best-fit model of nucleotide substitution and to calculate a maximum
likelihood model-averaged phylogeny.

A M P L I F I E D F R AG M E N T L E N G T H P O LY M O R P H I S M A NA LY S I S

The AFLP protocol was based on Vos et al. (1995) and Hawkins et al. (2005) with some
modifications. The locations and the numbers of samples used are shown in Fig. 1. All adapter
and primer sequences are listed in Table I.

Two hundred nanograms of high-quality genomic DNA were digested (3 h at 37◦ C) with
10 U each of MseI and EcoRI, 1× EcoRI restriction buffer and 2 μg of bovine serum albumin
(BSA) (New England Biolabs; www.neb.com) in a 20 μl reaction. A 20 μl ligation master mix
containing 3 U (NE Units) of T4 DNA ligase, 1× T4 ligase buffer (New England Biolabs)
and 1·5 μl each of 50 μM adapters (MseI and EcoRI) was added to the restriction digest and
incubated at 16◦ C for at least 16 h.

Pre-selective amplifications were performed by combining 5 μl of diluted digestion–
ligation product (1:5 in nuclease-free water) with 20 μl of a pre-selective master mix
containing 1× PCR buffer, 1·5 mM MgCl2, 200 μM of each dNTP, 0·8 μM each of the
EcoRI-A and MseI-C pre-selective primers and 1·25 U of Taq polymerase (Invitrogen). The
amplification programme was 72◦ C for 2 min, followed by 20 cycles of 94◦ C for 30 s,
56◦ C for 1 min, and 72◦ C for 1 min, ending with 60◦ C for 30 min.

Selective amplification was subsequently performed by combining 5 μl of diluted pre-
amplification product (1:10 in nuclease-free water) with 15 μl of a selective master mix
containing 1× PCR buffer, 1·5 mM MgCl2, 200 μM of each dNTP, 0·4 μM each of the
EcoRI and MseI selective primers and 1 U of Platinum Taq (Invitrogen). Amplifications
were carried out with an initial activation of 94◦ C for 30 s, followed by 12 cycles of 94◦ C
for 30 s, 65◦ C (decreased by 0·7◦ C per cycle) for 30 s and 72◦ C for 1 min. The preceding
cycles were followed by 32 cycles of 94◦ C for 30 s, 56◦ C for 30 s and 72◦ C for 1 min,
ending with a final extension of 72◦ C for 10 min. The selective primer combinations used
in this study were E-ACG–M-CAA, E-ACG–M-CAG and E-AAG–M-CAC.

Repeatability was checked by randomly choosing samples to run in triplicate prior to
the digestion–ligation procedure (one sample in 40 was run in triplicate). Repeatability was
further assured by running each digestion–ligation product in duplicate through the pre-
amplification and selective amplification procedures.

Data analysis
AFLP fragments were sized using the CEQ8000 Genetic Analysis system (Beckman

Coulter) and viewed in the Fragment Analysis Module [600 base pairs (bp) size standard;
quartic model; PA ver.1 dye mobility calibration]. Only reliable loci, which had strong inten-
sities, were clear and crisp and were greater than 80 bp in size, were included in the analysis.
Any fragments that were observed in blank samples were removed from analysis, although
their presence does not necessarily indicate contamination, but probably results from primer
dimers and interactions between adapters (Bensch & Åkesson, 2005). To further increase
confidence in the data set, each sample’s replicate was scored, and if a fragment did not
occur in both replicates, it was also removed from the analysis, although this rarely occurred.
Fragments were binned using the AFLP analysis feature within the fragment analysis module
(1 nucleotide bin width and the Y threshold set to 0). Similar fragment sizes were assumed to
represent homology. The data were represented as a binary matrix (1 indicates the presence
of the fragment while 0 indicates its absence).

AFLP data were examined on an individual level using Structure 2.2 adapted to dominant
markers (Falush et al., 2007). Correlated allele frequencies and admixed population origins
were assumed. Burn-in and run lengths were set to 10 000. The number of inferred groups
(k) ranged from 2 to 8, and each possible k value was run 20 times. The best value of k was
determined objectively using the method of Evanno et al. (2005). Hierarchical AMOVA and
pair-wise FST comparisons were carried out using Arlequin 3.11 [restriction fragment length
polymorphism (RFLP) data type; genotypic data and gametic phase set to 0; recessive data
set to 1; 1000 permutations; assumed group structure based on current taxonomy] (Excoffier
et al., 2005). Principal co-ordinate analysis of pair-wise sample location genetic distance (Nei,

© 2010 The Authors
Journal of Fish Biology © 2010 The Fisheries Society of the British Isles, Journal of Fish Biology 2010, 77, 2072–2092



S PAT I A L G E N E T I C S T RU C T U R E O F G . P R Z E WA L S K I I 2079

1972) was carried out in GenAlEx 6 (Peakall & Smouse, 2006). Per cent polymorphism was
calculated in Tools for Population Genetic Analysis (TFPGA) 1.3 (Miller, 1997).

As adult fish were not observed in the Ganzi River at the time of sampling, only juvenile
fish were collected. To test for the possible effects of sampling siblings (and thereby skewing
the results), the average pair-wise genetic distance (Nei, 1972) for AFLP data was compared
for individuals with shared mtDNA haplotypes (which are more likely to be siblings) v. those
that do not share mtDNA haplotypes. If siblings were sampled, the expectation is that the
average genetic distance will be less for individuals that share haplotypes compared to those
that do not.

RESULTS

M T D NA A NA LY S I S

Sequences reported in a preliminary analysis [Genbank accession numbers
AY850398 and AY850397 (Xie et al., 2006)] were combined with sequences from
this study, resulting in the identification of 42 distinct G. przewalskii haplotypes
(Fig. 2). Ten G. eckloni haplotypes were also identified, none of which were shared
with G. przewalskii. From a 701 bp alignment of 52 haplotypes, jModeltest was used
to find the best-fit model of nucleotide evolution (Posada, 2008). The best-fit model
was used to estimate a maximum likelihood tree (Fig. 2) and a rank weighting of
models to estimate a model-averaged maximum likelihood tree. The model-averaged
method (Posada, 2008) investigates the sensitivity of the tree topology to the model
used. The results indicate that the tree is relatively insensitive to the model used. All
nodes were supported by model-averaged weights of 1·0, indicating that the same
topology was found in all the top-weighted best-fit models.

The maximum likelihood tree of the G. przewalskii and G. eckloni haplotypes
showed incomplete lineage sorting (i.e. the G. eckloni haplotypes do not form a
monophyletic group). Incomplete lineage sorting was also noted when neighbour-
joining trees and parsimony networks were constructed (not shown). The topology
of the maximum likelihood tree was very similar to the parsimony network in that
many haplotypes differed by a single nucleotide change and polytomies were com-
mon. Basal haplotypes (inferred ancestral haplotypes from which the other branches
radiate) are shown at nodes with no branch length. There are three major clusters and
one singleton of G. eckloni haplotypes that occur among clusters of G. przewalskii
haplotypes. There do not appear to be any clear geographical relationships among the
G. przewalskii haplotypes. Of the 42 G. przewalskii haplotypes, 19 were unique to
only one population (Table II). Of the eight haplotypes detected in the Ganzi River
fish, four (50%) were unique to that river, even though the sample size was smaller
than from the other rivers that had between 22 and 6% unique haplotypes. The four
Ganzi haplotypes that were shared with the other populations generally represented
frequently occurring haplotypes in the lake (Fig. 2).

Table II. Number of mtDNA haplotypes and number of unique haplotypes (per cent in
brackets) found within Gymnocypris przewalskii sampling locations

Heima Buha 12 Buha 13 Quanji Shaliu Haergai Ganzi

Haplotype number 16 20 12 17 18 17 8
Unique haplotypes 3 (19) 3 (15) 1 (8) 3 (18) 4 (22) 1 (6) 4 (50)
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Table III. Results of hierarchical AMOVA for both mtDNA and amplified fragment length
polymorphism (AFLP) markers with populations (n = 8) grouped according to the currently
accepted taxonomy [three groups: Gymnocypris przewalskii przewalskii (6), Gymnocypris
przewalskii ganzihonensis (1) and Gymnocypris eckloni (1)]. F statistics are generated in
Arlequin 3.11 (Excoffier et al., 2005). Degrees of freedom (d.f.), sum of squares (S), variance
components (V ), per cent variance (% V ) and the P values (P ) of % V are shown. FCT is
the variance among groups. FST with group structure is the fraction of total variance found
among populations within groups plus the variance among groups. FST = 0·1959, P < 0·001

for mtDNA and FST = 0·1431, P < 0·001 for AFLP markers

mtDNA AFLP

d.f. S V % V P * d.f. S V % V P *

Among groups 2 51·00 0·648 20·84 < 0·001
(0·0420)

2 79·62 0·480 7·76 < 0·05
(0·0420)

Among popolution
within groups

5 6·62 0·039 −1·25 > 0·05
(0·0000)

5 96·23 0·405 6·55 < 0·001
(0·0000)

Within population 218 544·83 2·499 80·41 < 0·001
(0·0000)

257 1361·8 5·217 85·69 < 0·001
(0·0000)

*Given the specified group structure, there is a high probability of recreating the tested structure; there-
fore, P -values where the random values are greater than the observed values are reported with P -values
of random values equal to the observed in brackets.

Table IV. Pair-wise FST values for Gymnocypris przewalskii and Gymnocypris eckloni sam-
pling locations from mtDNA haplotypes (above the diagonal) and amplified fragment length
polymorphism (AFLP) genotypes (below the diagonal). Only significant values are shown
(all P < 0·001, except those marked with an asterisk where P < 0·05) and non-significant

values are indicated by NS

Heima Buha 12 Buha 13 Quanji Shaliu Haergai Ganzi Yellow

Heima — NS NS NS NS NS 0·1251∗ 0·1640
Buha 12 0·1532 — NS NS NS NS 0·1565 0·1696
Buha 13 0·1165 0·1356 — NS NS NS 0·1003∗ 0·1302
Quanji 0·0367 0·0970 0·0435 — NS NS 0·1923 0·1874
Shaliu 0·0303 0·1504 0·0547 NS — NS 0·1524 0·1756
Haergai 0·0656 0·1341 0·0588 0·0157∗ 0·0284 — 0·1691 0·1771
Ganzi 0·1654 0·1571 0·2484 0·1343 0·1884 0·1564 — 0·1801
Yellow 0·1150 0·1674 0·1940 0·1089 0·1199 0·1025 0·0956 —

AMOVA results indicated significant differences among G. p. przewalskii, G. p.
ganzihonensis and G. eckloni (FST = 0·1959, FCT = 0·2083) when populations were
grouped according to the current taxonomy (Table III). Significant differences (P <

0·001) were also noted when comparing G. p. ganzihonensis to G. p. przewalskii
(i.e. two groups, results not shown: FST = 0·1671, FCT = 0·1781). Removal of
G. p. ganzihonensis to examine only differences among sample locations within
the current lake drainage revealed no evidence for genetic structure (i.e. FST not sig-
nificantly different from 0). These relationships are further illustrated by pair-wise
comparisons of FST (among sample locations) values where G. p. ganzihonensis and
G. eckloni were found to be significantly different from all G. p. przewalskii samples
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(pair-wise FST from 0·1003 to 0·1923; Table IV). Pair-wise comparisons between
the G. p. przewalskii samples from the other rivers, however, did not exhibit sig-
nificant differences (i.e. pair-wise FST values ranged from −0·0244 to 0·0063; all
P values >0·05).

Population statistics were calculated with samples grouped based on the current
taxonomy (Table V). θ values ranged from 3·94 to 14·30 and gave estimates of
female effective population sizes ranging from 19 700 to 71 500.

A F L P A NA LY S I S

A total of 41 polymorphic loci were included in this analysis, with an average
polymorphism across both species of 77·3%. All 41 loci were polymorphic in the
G. eckloni samples, whereas 39 were polymorphic within the G. przewalskii sam-
ples. The Ganzi River sample location exhibited the smallest level of polymorphism
(Table VI).

Structure analysis indicated that the greatest rate of change in likelihood occurs
between k = 3 and k = 4. Applying the method of Evanno et al. (2005), an optimal
k value of 5 was found. The results of the Structure analysis are best illustrated by
comparing the results of k = 3 and k = 5 (Fig. 3). No direct association of sampling
locations with inferred groups was observed. Gymnocypris przewalskii ganzihonensis
and G. eckloni individuals were primarily contained within two shared clusters, one
mostly unique to these locations (green) and one shared with all G. p. przewalskii
sample locations (blue). In contrast, the six G. p. przewalskii sample locations each
had a number of individuals belonging to a third cluster at k = 3 (red). Increas-
ing k values to 4 or 5 split this third cluster into additional groups (red, yellow
and pink) while primarily maintaining the integrity of the first two. At k = 5, two
G. eckloni samples were included into the red and pink clusters commonly found
in the G. p. przewalskii sample locations. Stock structure among G. p. przewalskii
sample locations may also be illustrated by the frequency differences of cluster mem-
bership at each location. For example the percentage of the yellow cluster, unique
to G. p. przewalskii samples, varies from 2 to 43% among these locations, with the
greatest percentage being found in the two Buha River sites (24 and 43%).

One cluster (green) was unique to the G. eckloni and G. p. ganzihonensis samples
at k = 5. The members of this cluster were compared to the results of the mtDNA
analysis. Underlined haplotypes (Fig. 2) were found in individuals with AFLP geno-
types that belong to this cluster. No correlation between mtDNA and AFLP genotypes
was noted. In the three G. p. ganzihonensis samples belonging to this cluster, two
had common, but divergent, G. p. przewalskii mtDNA haplotypes while one was
unique to the Ganzi. Similarly, G. eckloni mtDNA haplotypes in this cluster were
found in each of the four G. eckloni mtDNA lineages.

Similar to the mtDNA results, AMOVA of the AFLP data showed significant
differences (P < 0·05) among all groups (Table III: FST = 0·1431, FCT = 0·0776)
and between G. p. przewalskii and G. p. ganzihonensis (results not shown: FST =
0·1681, FCT = 0·1031) when grouped according to the current taxonomy. In contrast,
significant differences among sample locations within G. p. przewalskii were also
found (FST = 0·0721, P < 0·001). Pair-wise comparisons of FST values between all
sampling locations found all but the Quanji and Shaliu samples to be significantly
different from each other (Table IV). Pair-wise FST values for the Ganzi River fish
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Table VI. Per cent polymorphism of amplified fragment length polymorphism (AFLP)
fragments in Gymnocypris spp. samples from each sampling location

Sampling location % Polymorphic loci

Heima 66·0
Buha 12 62·3
Buha 13 58·5
Quanji 64·2
Shaliu 62·3
Haergai 71·7
Ganzi 56·6
Yellow 67·9

were generally higher (0·1343–0·2484) when compared to the values found between
G. p. przewalskii sampling locations.

To further explore the differences among sample locations, a principal co-ordinate
analysis of pair-wise genetic distances was conducted (Fig. 4). Most of the Lake
Qinghai locations were found to group in the same quadrant, whereas the Buha sam-
ple locations were more distant and in a separate quadrant. The G. p. ganzihonensis,
Ganzi, and G. eckloni, Yellow, sample locations were also each in separate quadrants
and distant from all other locations.

Heima

(a)

(b)

YellowHaergaShaliuQuanjiGanziBuha 13Buha 12

Heima YellowHaergaShaliuQuanjiGanziBuha 13Buha 12

Fig. 3. Genetic structure estimated from amplified fragment length polymorphism (AFLP) markers for k = 3
(A) and k = 5 (B) using Structure 2.2 (Falush et al., 2007). Gymnocypris individuals are grouped by
sampling location; Heima, Buha 12, Buha 13, Quanji, Shaliu and Haergai for Gymnocypris przewalskii
przewalskii ; Ganzi for Gymnocypris przewalskii ganzihonensis and Yellow for Gymnocypris eckloni.
Sample order is the same at both k = 3 and k = 5.

© 2010 The Authors
Journal of Fish Biology © 2010 The Fisheries Society of the British Isles, Journal of Fish Biology 2010, 77, 2072–2092



2084 D . M . O ’ B RYA N E T A L .

Yellow

Ganzi

Shaliu
Heima

Haergai Quanji

Buha13

Buha12

Co-ordinate 1 (69·08%)

C
o-

or
di

na
te

 2
 (

18
·5

2%
)

Fig. 4. Principal co-ordinate analysis of pair-wise genetic distance matrix (Nei’s genetic distance) among
sampling locations using GenAlEx 6 (Peakall & Smouse, 2006). The first two co-ordinates explain
87·61% of the variation. Gymnocypris sampling locations are Heima, Buha 12, Buha 13, Quanji, Shaliu
and Haergai for Gymnocypris przewalskii przewalskii ; Ganzi for Gymnocypris przewalskii ganzihonensis
and Yellow for Gymnocypris eckloni.

T E S T F O R T H E E F F E C T S O F S A M P L I N G J U V E N I L E S
I N T H E G A N Z I R I V E R

When sampling small populations of juveniles, collecting sibling groups is a pos-
sibility. If siblings were sampled in this case, it is expected that the average genetic
distance (calculated using AFLP data, not shown) would be less for individuals that
shared mtDNA haplotypes compared to those that did not. The average pair-wise
genetic distance (calculated using AFLP data) for individuals that shared mtDNA
haplotypes (0·011), however, was not significantly different from the average genetic
distance for individuals that did not share mtDNA haplotypes (0·012) (t = −1·131,
P > 0·05), indicating that sibling groups were probably not sampled in the Ganzi
River.

DISCUSSION

The results of both the mtDNA and ALFP analyses indicated a population struc-
ture that is consistent with the current taxonomy. Among sample locations col-
lected within the existing Lake Qinghai catchment, only the AFLP data indicated
the existence of genetic structure. Crandall et al. (2000) stressed that both genetic
and ecological data (both recent and historical in nature) should be used in defin-
ing evolutionary significant units (ESU). ESUs should lack both ecological and
genetic exchangeability. Lack of ecological exchangeability refers to different selec-
tive pressures and adaptations between populations. These might include differences
in life-history traits, habitats, predators or morphology. Lack of genetic exchange-
ability refers to lack of recent gene flow between populations and the observation of
genetic differences consistent with geographic divisions.

R E L AT I O N S H I P B E T W E E N G Y M N O C Y P R I S E C K L O N I
A N D G . P R Z E WA L S K I I

To place the variation seen among G. przewalskii sampling locations into context,
it is important to assess the variation found between G. przewalskii and its most
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closely related species, G. eckloni. Gymnocypris przewalskii and G. eckloni do not
share any mtDNA control region haplotypes; however, there is incomplete lineage
sorting of the haplotypes (Fig. 2), a result that was also found in previous com-
parisons of the two species using cytochrome b sequences (Zhao et al., 2005).
Using the high and low values for the G. p. przewalskii female effective popu-
lation size (Table V) and a generation time of 7 years (Walker et al., 1996), a
coalescence time for all haplotypes [E(T )] can be estimated using the formula,
E(T ) = 2Nf[(n − 1)/n]G (Nf is the female effective population size, n the number
of haplotypes and G the generation time). The estimated time for all haplotypes
to coalesce was 41 097–139 595 generations, or 287 686–977 166 years. The esti-
mated molecular divergence time reported using cytochrome b sequences between
the fish of Lake Qinghai and the Yellow River also coincided with the estimated
time of separation of the two water bodies during the Gonghe movement (Qi et al.,
2007). Given that the lowest estimate for all haplotypes in Lake Qinghai or the
Yellow River to coalesce was c. 287 686 years and that the minimum estimated
time for separation of the two water bodies was 130 000 years, incomplete lineage
sorting in Lake Qinghai is not unexpected. Indeed, this would be consistent with a
relatively recent speciation event occurring sometime during the separation of the
Yellow River and Lake Qinghai (Zhao et al., 2005; Qi et al., 2006).

The results of the Structure analysis of AFLP genotypes were also consistent
with a recent ancestry of G. przewalskii. As no demographic exchange between the
species is possible (and no anthropogenic exchange suspected), the AMOVA results
also show a divergence of the nuclear genotypes of the species. Lineage sorting,
however, is not complete, as noted by the high rate of sharing of polymorphic
AFLP markers (39 of 41). Given the larger effective population size for nuclear
genes v. mtDNA, lineage sorting of polymorphic AFLP markers is not expected.
The sharing of clusters and markers is more than likely a result of a recent common
ancestry. Furthermore, the G. eckloni samples were caught in the main stream of
the Yellow River. The existence of multiple spawning runs within this (and possibly
other, see below) sampling location would also further increase the complexity of
the Structure results.

According to the definition of Moritz (1994), the lack of reciprocal monophyly at
mtDNA markers would prevent the distinction of G. eckloni and G. przewalskii as
separate ESUs (or species). This precludes the recognition of ESUs until comple-
tion of lineage sorting. Alternatively, Crandall et al. (2000) advocate a conservation
management strategy that examines genetic and ecological data across two time
scales, recent and historical. The examination of genetic or ecological exchangeabil-
ity on an historical time scale can be problematic; however, the use of two different
molecular markers may allow the partitioning of recent and historical phenomena.
In this study, mitochondrial DNA may be more indicative of historical relationships,
whereas AFLPs, due to the large number of loci examined, may be able to detect
more recent population divergence (Egger et al., 2007). Gymnocypris eckloni and
G. przewalskii were found to be significantly different at both mtDNA and AFLP
markers. The two species are also morphologically distinct and occupy different
habitats (i.e. G. eckloni permanently reside in the freshwater Yellow River drainage),
an indicator of recent ecological non-exchangeability. Therefore, using the princi-
ples of genetic and ecological exchangeability (Crandall et al., 2000), G. eckloni
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and G. przewalskii should be considered different ESUs, a result expected given the
current taxonomy.

G A N Z I R I V E R S U B - S P E C I E S

Both the control region and AFLP markers indicated that the Ganzi River fish
are significantly different from all G. p. przewalskii populations, consistent with the
current sub-species status. AMOVAs of both the control region and AFLP data
(Tables III and IV) found the Ganzi fish to be significantly different from all sam-
pling locations of G. p. przewalskii. As the average genetic distance (calculated with
AFLP data) of individuals that shared mtDNA haplotypes was not significantly dif-
ferent from those that did not share haplotypes, it is unlikely that the results in this
study were due to the sampling of sibling groups. Consistent with the results of the
species level comparison and previous findings (Zhao et al., 2005), the Ganzi sam-
ples were not found to be monophyletic when the control region was analysed. Fewer
haplotypes, however, were shared with G. p. przewalskii than the degree of haplo-
type sharing found among G. p. przewalskii sampling locations (Fig. 2 and Table II).
Additionally, Structure analysis revealed a unique AFLP cluster in G. p. przewalskii
and the presence of genotypes within the Ganzi that were more similar to G. eckloni
than to G. p. przewalskii (Fig. 3). These finding are intriguing as recent studies have
shown that some AFLP markers may be linked to adaptive traits (e.g. Bonin et al.,
2007). The strong selective pressure of Lake Qinghai (high salinity and pH) may
indeed be driving adaptive divergence. As argued above, the AFLP data, however,
were also consistent with the expectations of ongoing drift–lineage sorting at nuclear
genes. Note, two G. p. przewalskii -like AFLP genotypes were also found within
G. eckloni. Whether the observed differences were driven by selection or drift (or a
combination of both), both marker sets clearly show genetic differences between the
G. p. ganzihonensis and G. p. przewalskii sampling locations.

Two possible hypotheses as to the origin of G. p. ganzihonensis are presented.
First, the sub-species may have evolved after a population of G. p. przewalskii was
isolated in the Ganzi River when its lake connection was severed. Second, it is
possible that the sub-species was always a distinct riverine population that evolved
separately from the lake fish. A 1964 survey found that the Ganzi River lacked a
direct surface water connection with Lake Qinghai (Zhu & Wu, 1975). Currently, the
lower reaches of the river experience low flows and drain into a marshy area. During
heavier flows, the marsh could periodically overflow into the adjacent Haergai River,
but this would not allow a direct connection with the lake. It has been proposed that as
the lake water levels fell, fish became trapped in the Ganzi River and were forced to
adapt to the new environment (Zhu & Wu, 1975). The morphology of the Ganzi River
is quite unlike the other rivers in that it originates from a hot spring and contains
marshes in the middle and lower reaches. Gymnocypris przewalskii ganzihonensis
has fewer gill rakers than G. p. przewalskii, a condition thought to have been an
adaptation to a different food source in the Ganzi River (Zhu & Wu, 1975).

Although the lake has been regressing for several thousand years, it is not known
at what time the direct connection with the Ganzi River was severed (Walker et al.,
1996). Some reports suggest that the lake has receded c. 100 km since the late
Pleistocene and historical data indicated that the lake has fallen c. 12 m from the
late 1800s to the 1990s, with the regression being more rapid in the last 30 years
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(cf. Walker et al., 1996). Intriguingly, historical records from the Tang Dynasty
(608–904 a.d.) suggest that higher lake levels at the time may have flooded the
current lower marsh area possibly allowing a direct connection with the Ganzi River
(Zhu & Wu, 1975). If the connection was severed, as the lake receded within the
last thousand years, then the morphological changes noted for this sub-species must
have occurred quickly, as speculated by Zhu & Wu (1975).

Alternatively, it is possible that G. p. ganzihonensis did not evolve after being
isolated from the lake in recent times, but were always a distinct riverine population
that has not undergone genetic exchange with the lake fish. In addition to containing
gravel areas necessary for spawning, the Ganzi River contains suitable overwintering
habitats in the form of deep pools in the marshy areas (Zhu & Wu, 1975); therefore,
it is possible that the fish were able to overwinter in the river without ever having to
return to the lake. Polymorphisms that existed in the founding population may have
been lost due to selection or bottlenecks, resulting in fewer shared haplotypes with the
lake fish, G. p. przewalskii (Fig. 2). The relative high frequency of unique mtDNA
haplotypes in the Ganzi, the clustering of some AFLP genotypes with G. eckloni
genotypes and the lack of lake-specific genotypes (Fig. 3) support an older over
a more recent ancestry. The presence of lake mtDNA haplotypes within the Ganzi,
however, suggests that the split from the lake occurred some time after the separation
of the Qinghai drainage from the Yellow River drainage.

Applying the criteria of Crandall et al. (2000), the two sub-species are likely to be
genetically non-exchangeable, both historically and recently, as significant genetic
divergence was detected using both mitochondrial and AFLP markers. The ecological
exchangeability between the two sub-species is, however, difficult to assess. Even
though the Ganzi River fish occupy a very distinct habitat relative to fish from the
other rivers, it is currently unknown if they are able to tolerate the salinity of the
lake. Therefore, there is a need for studies similar to that of Wood et al. (2007)
to determine the physiological effects of moving G. p. ganzihonensis from river to
lake water. If the Ganzi River fish are unable to acclimate to the salinity of the lake
(an indicator of recent ecological non-exchangeability), then, according to Crandall’s
criteria, G. p. przewalskii and G. p. ganzihonensis should be considered as distinct
ESUs. If, however, the Ganzi fish are able to reside in the lake and no other evidence
exists which suggests a lack of ecological exchangeability, then G. p. przewalskii and
G. p. ganzihonensis should be treated as a single ESU. In this case, however, for the
purposes of management and conservation, it is recommended that they be treated
as separate management units (MU) (Moritz, 1994).

L A K E Q I N G H A I S TO C K S T RU C T U R E

AMOVA and Structure results of the AFLP data indicated the presence of a stock
structure in Lake Qinghai (Tables III and IV, Fig. 3). This supports and expands
previous work that found significant difference between the Buha and Shaliu Rivers
(Heima, Quanji and Haergai not examined) with microsatellite markers (Zhang et al.,
2009) and among the Buha, Heima and Shaliu Rivers (Quanji and Haergai not
examined) with AFLP markers (Chen et al., 2005). Population structuring among
four of the five lake rivers was also suggested in a separate study using isozymes
(although no statistical analysis was performed) (Meng et al., 2007). Population
structuring was not detected using mitochondrial analysis, a result that is similar to
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other studies that combine mtDNA and AFLP data (Giannasi et al., 2001; Sullivan
et al., 2004; Egger et al., 2007). It is thought that while mtDNA can detect larger-
scale, historical relationships (such as the divergence between G. p. przewalskii and
G. p. ganzihonensis where it is unlikely that gene flow exists), AFLPs are better at
detecting finer-scale relationships, such as the population structure within the lake
(where gene flow between populations may still exist due to straying) (Egger et al.,
2007). The formation of distinct populations in anadromous species is primarily due
to natal homing (Stewart et al., 2003). Although AFLP analysis indicated that most
G. p. przewalskii populations of Lake Qinghai are genetically distinct, the degree of
straying or dispersal present among the populations and the effects of straying on
genetic divergence are unknown. It is also unknown if the populations are diverging
towards an equilibrium state where the genetically isolating effects of natal homing
are balanced by the homogenizing effects of a low level of migration (straying), or
if they are currently at an equilibrium state. Fish species with a strong propensity
for natal homing still rely on the mechanisms of dispersal to colonize new habitat
or to avoid potentially adverse local conditions (Pascual et al., 1995; Milner et al.,
2000; Stewart et al., 2003). Conditions in the Lake Qinghai watershed can be quite
severe and large die-offs in spawning runs have been noted due to the rapid changes
in water levels that have trapped fish in drying stream beds. A possible propensity
for straying was also noted by the observation of fish swimming up an ephemeral
stream that appeared after a heavy rainfall in June 2004, but was dry 2 days later (it
is unknown if these individuals were sexually mature at the time). Sexually immature
fish have also been observed in the Heima River (Wood et al., 2007), although the
reason for their presence is unclear.

Despite the detection of a stock structure within the lake, samples collected from
the Quanji and Shaliu Rivers were not found to be significantly different from each
other. There may be a significant amount of gene flow between fish in these two trib-
utaries (i.e. more straying than natal homing). Unstable habitats (i.e. decreased flows
due to the installation of weirs and dams) may promote straying (Quinn & Dittman,
1990). Both rivers have had recent (since the 1960s) weir and water diversion projects
that have impeded access to upstream spawning habitat and have affected water flow
at downstream spawning sites. It is also possible that fish from one river may have
been extirpated but repopulated by fish from the other river. Again, the isozyme
study conducted by Meng et al. (2007) suggests that these two populations (from
the Quanji and Shaliu Rivers) clustered together.

It is particularly interesting that the fish sampled from two different locations on
the Buha River (c. 50 km from each other) were found to be significantly different,
possibly indicating the presence of distinct spawning populations within the river.
The evolutionary benefits of natal homing, namely increasing the chances of locating
mates or habitats suitable for early life-history survival, may result in selective forces
that develop within river subpopulations (Garant et al., 2000). The Buha River is
the largest tributary of Lake Qinghai (Fig. 1), contributing approximately half of
the total inflow (Walker et al., 1996). It has not been affected by weirs as in the
other tributaries, possibly allowing for the continued existence of distinct within-
river stocks. As there have been reports of juveniles overwintering in the upper
reaches of the Buha River (Walker & Yang, 1999), it is also possible that a resident
population exists in the upper reaches of the Buha. Because very little is known
about the life-history of G. p. przewalskii (e.g. how long they reside in the river as
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juveniles before travelling to the lake), however, this theory is speculative and would
need to be confirmed with further studies. The detection of subpopulations within the
Buha River also has implications for the management of G. p. przewalskii. It may
be possible that similar within-river structuring exists in other spawning tributaries,
but went undetected as only one location was sampled in each of these rivers.

The lack of mitochondrial divergence between the different sampling locations
indicates genetic exchangeability on a historical level, whereas significant diver-
gence at AFLP markers may indicate recent genetic non-exchangeability or natal
homing with low levels of straying among populations. Ecological exchangeability
refers to the ability of individuals to occupy the same niche, due to shared life-history
traits and morphology. It seems likely that the fish of Lake Qinghai would be eco-
logically exchangeable, although further studies are required for this to be accurately
determined. Applying the criteria of Crandall et al. (2000), G. p. przewalskii should
be treated as a single ESU for conservation purposes. Exchangeability of the pop-
ulations, however, should not be used to promote homogenization of fish spawning
in the different rivers (Crandall et al., 2000). As some degree of genetic divergence
was detected in this study, it is recommended that the spawning groups be treated
as separate MUs.

It is clear from this research that much more information is needed if G. przewalskii
stocks are to be managed properly. Although the genetic data in this study indicate a
significant level of homing, the degree of straying is unknown as are the exact spawn-
ing locations. Unfortunately, the lack of clustering of genetic groups with species or
populations precludes the use of Structure-type approaches with the AFLP marker
systems to detect migrants. Future studies should therefore include tagging so that the
fish may be accurately tracked to their spawning locations. Genetic analysis should
focus on spawning locations. Straying rates can then be determined by combining
temporal tagging data with ongoing genetic analysis so that this unique and possibly
threatened population can be protected and managed.
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