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ABSTRACT. The genetic diversity and historical demography of
the narrow-range endemic Alpine toad, Scutiger liupanensis, in the
Liupanshan National Forest Park of central China were estimated
using cytochrome b and cytochrome c oxidase subunit I (COI) from 85
individuals from five local populations. Both the haplotype diversity
(H,) and the nucleotide diversity (P,) were very high. Phylogenetic
analysis of the 63 haplotypes revealed two major clades, and an
analysis of molecular variance attributed most of the variation to
within populations. Mantel tests did not reveal an isolation by distance
pattern of genetic divergence between populations, and SAMOVA
showed no phylogeographic structure. The results of neutrality tests,
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mismatch distribution analyses, and allelic frequency spectra suggest
that a sudden demographic expansion occurred, and that high genetic
variation is beneficial to the survival and development of this species.

Key words: Alpine toad; Genetic diversity; Historical demography;
China

INTRODUCTION

Most studies that have investigated the effects of a narrow geographical range on
genetic diversity have used plants (Hamrick et al., 1992; Gibson et al., 2008; Raduski et
al., 2010), and have shown that geographical range plays an important role in shaping the
genetic characteristics of plant populations (Hamrick and Godt, 1989; Gitzendanner and
Soltis, 2000; Gibson et al., 2008). Some studies have found lower levels of genetic diversity
in species with smaller ranges than their more widespread sibling species, due to genetic
drift, bottlenecks, isolation, inbreeding, low levels of gene flow, and directional selection
that promotes adaptation to the local environment (Hamrick and Godt, 1989; Hamrick et al.,
1992; Torres-Diaz et al., 2007; Gibson et al., 2008). However, other studies have found that
species with small ranges possess moderate to high levels of genetic variation (Gitzendan-
ner and Soltis, 2000; Zhang et al., 2007; Crema et al., 2009), but very few narrowly endemic
animals have been included in similar analyses.

Scutiger liupanensis (Pelobatidae) was first described by Huang (1985) in the Liu-
pan Mountains of central China. The Liupan Mountains cover the southern part of the
Ningxia Hui Autonomous Region and the eastern part of Gansu Province, central China;
S. liupanensis inhabits a small mountain area. The species can be found near a few Alpine
streams located in Jingyuan County, Ningxia, at an altitude of 1900 to 2500 m above
sea level. These sites include Fragrant Water River (FWR), Cool Palace Gorge (CPG),
Little South River (LSR), and Double-Dragon River (DDR) (Zhang et al., 1998). We also
collected this species on Mount Xuanfengshan (MXF), Huating County, Gansu Province,
thereby expanding the distribution of this species southward by 50 km (Figure 1). How-
ever, we failed to find this species elsewhere during extensive targeted searches over the
entire Liupan Mountains.

S. liupanensis inhabits the northernmost part of the distribution of the genus Scutiger
in China. Scutiger probably expanded north after the Quaternary glaciation and evolved into
S. liupanensis, which has two neighboring conspecifics: Scutiger boulengeri and Scutiger
ningshanensis. S. boulengeri is found in Yuzhong County and Jone County, Gansu Province,
but Yuzhong is 150 km and Jone is 270 km away from the nearest location of S. liupanensis.
The nearest location to the range of S. liupanensis is Ningshan County, Shaanxi Province,
which is 250 km away from where S. ningshanensis is located (Figure 1).

Based on mitochondrial DNA data, the present study aimed to analyze the ge-
netic diversity and historical demography of S. liupanensis, and to investigate the effects
that a narrow geographical range and environment have on shaping the species’ genetic
characteristics and demographic dynamics. We predicted that there is only a low level of
genetic diversity in this species, and that speciation probably resulted from an isolation
or founder event.
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MATERIAL AND METHODS

Sampling, DNA extraction, polymerase chain reaction (PCR) amplification, and
sequencing

A total of 85 S. liupanensis individuals were collected from five sites in the Liupan
Mountains in 2011, including FWR, CPG, LSR, DDR, and MXF (Table 1, Figure 1). S. ning-
shanensis, collected from Pingheliang, Ningshan County, Shaanxi Province (33°28'27.984"N,
108°31'31.008"E), was selected as the outgroup.

The specimens were preserved in 100% ethanol and stored at -20°C. A continuous
fragment (947 bp) of mitochondrial cytochrome b (cyt b) was amplified by conducting a PCR
(MyCycler™, Bio-Rad), with forward (5'-CTT CCA TCC AAC ATC TCA GCA TGA TGA
AA-3") and reverse (5'-ACA AGA CCA ATG CTT TAG TTA AGC TAC-3") primers (Li et
al., 2009). A continuous fragment (644 bp) of mitochondrial cytochrome ¢ oxidase subunit I
(COI) was also amplified using PCR (MyCycler), with forward (LepF5'-ATT CAA CCA ATC
ATA AAG ATA TTG G-3') and reverse (LepR5'-TAA ACT TCT GGA TGT CCA AAA AAT
CA-3") primers (Hebert et al., 2004). The PCR products were purified using a purification kit
(DC3511-02/3514-02 250 Preps, Biomiga Inc., San Diego, CA, USA). Sequencing reactions
were carried out with PCR primers using the ABI Prism® BigDye™ Terminator Cycle Se-
quencing Ready Reaction Kit, on an ABI 3730XL sequencer. All of the sequences have been
deposited in GenBank databases under accession Nos. JX533722-JX533806 (S. liupanensis,
cyt b), KC140474-KC140558 (S. liupanensis, COI), KC140561-KC140562 (S. ningshanen-
sis, cyt b), and KC140559-KC140560 (S. ningshanensis, COI).

Data analysis

Sequences were aligned using ClustalX 1.83 (Chenna et al., 2003), and the aligned
sequences were edited using BioEdit 7.0.9.0 (Hall, 1999). All the analyses were performed
based on the combined mitochondrial DNA data. Haplotype inference was carried out using
Collapse 1.2 (http://darwin.uvigo.es). The numbers of variable and parsimony informative
sites were determined using DnaSP 5.10.01 (Librado and Rozas, 2009). The site-frequency
spectrum (Donnelly et al., 2001) was implemented using DnaSP 5.10.01 (Librado and Rozas,
2009), in order to detect any excess singleton mutations.

Population and clade comparisons were made using the pairwise distance method,
and the partitioning of genetic diversity to within and between populations was conducted us-
ing analysis of molecular variance (AMOVA) (Excoffier et al., 1992), using Arlequin 3.5.1.2
(Excoffier and Lischer, 2010) with 10,000 permutations. Mantel tests (Smouse et al., 1986)
were also conducted in Arlequin 3.5.1.2 to assess the significance of the isolation by distance
(IBD) between populations, with 10,000 random permutations in matrices of pairwise popu-
lation F values and geographical distances. Pairwise F values between populations were
estimated using Arlequin 3.5.1.2, and geographical distances between populations were calcu-
lated online at http://www.gpsvisualizer.com/calculators#distance. Levels of gene flow were
determined by the effective number of migrants (¥m; Hudson et al., 1992) between locations,
using DnaSP 5.10.01 (Librado and Rozas, 2009).

Phylogenetic relationships between haplotypes were estimated using maximum parsi-
mony (MP) analyses in PAUP* 4.0b10 (Swofford, 2002), and Bayesian analyses in MrBayes
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Figure 1. Sampling locations and clades in local populations.
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3.1.2 (Ronquist and Huelsenbeck, 2003). The MP tree was inferred with a heuristic search strate-
gy with random sequence addition, using the tree bisection-reconnection branch-swapping algo-
rithm. The number of bootstrap replications was set to 1000. Bayesian analyses were performed
over 1,000,000 generations, and trees were sampled every 100 generations. S. ningshanensis was
used as the outgroup. A minimum spanning tree was built using TCS 1.21 (Clement et al., 2000).
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The spatial genetic structures of the haplotypes were analyzed using the program
SAMOVA 1.0 (Dupanloup et al., 2002; http://web.unife.it/progetti/genetica/Isabelle/samova.
html), with 1000 permutations. The number of initial conditions was set at 100, as recom-
mended by Dupanloup et al. (2002). The number K of groups of populations was set at be-
tween 2 to 4. The K with the highest difference between groups of populations (F,.,) repre-
sented the best number of groups and the best population configuration.

Neutrality tests were conducted with Arlequin 3.5.1.2 (Excoffier and Lischer, 2010),
and Fu’s F test (Fu, 1997) and Tajima’s D (Tajima, 1989) were used to detect evidence of
recent demographic expansion within each inferred clade, under which negative values are
expected (Schneider and Excoffier, 1999). In addition, an inference of population expansion
events was performed using mismatch analysis (Rogers and Harpending, 1992; Rogers, 1995)
in Arlequin 3.5.1.2, with the number of bootstrap replications set at 10,000, in order to explore
the demographic history of the populations studied. Recent growth was expected to generate
a unimodal distribution of pairwise differences between sequences (Rogers and Harpending,
1992). The validity of the expansion model was tested using the sum of squared deviations
(SSD) and Harpending’s raggedness index (R) of the observed and the expected mismatches.
Arlequin was used to determine the haplotype (/) and nucleotide (P,) diversities.

RESULTS
DNA variation

The total number of sites was 1591 (cyt b, 947; COI, 644), and there were no sites
with alignment gaps or missing data. A total of 1448 positions were invariable (monomorphic)
sites and 143 were variable (polymorphic) sites; the total number of mutations was 149. Sixty-
five positions were singleton variable sites (non-informative sites) and 78 were parsimony
informative sites.

A total of 63 haplotypes were found, and the H, and P, of the total and individually
sampled populations were high (Table 1). Fifty-three haplotypes were private, accounting for
84.1% of the total, whereas only ten haplotypes were common, and accounted for 15.9% of
the total.

Table 1. Sampling locations and haplotype frequency.

Sampling sites GPS coordinates SS Haplotypes (Frequency) P, H,

FWR 35°29'59.14"N 17 Hap 4, Hap 8, Hap 14, Hap 22, Hap 24, Hap 28, Hap 30, 0.0137+0.0071 0.9559 +0.0436
106°1521.56"E Hap 33 (4), Hap 38, Hap 46, Hap 51, Hap 52, Hap 53, Hap 61

CPG 35°22'30.32"N 15 Hap 1, Hap 3, Hap 5, Hap 13, Hap 28, Hap 33 (3), Hap 40, 0.0137 +0.0072 0.9619 +0.0399
106°17'46.20"E Hap 44 (2), Hap 49, Hap 56, Hap 58, Hap 60

LSR 35°21'11.44"N 15 Hap 1, Hap 6, Hap 9, Hap 10, Hap 15, Hap 17, Hap 25, 0.0139+0.0073  0.9905 + 0.0281
106°18'49.91"E Hap 29, Hap 31, Hap 32, Hap 33 (2), Hap 34, Hap 41, Hap 54

DDR 35°20'23.28"N 20 Hap 12, Hap 16, Hap 20 (2), Hap 26, Hap 27, Hap 33 (3), 0.0133 +£0.0068 0.9789 + 0.0245
106°20'32.36"E Hap 35, Hap 36, Hap 39, Hap 42, Hap 45, Hap 47, Hap 48,

Hap 51, Hap 55, Hap 57, Hap 63

MXF 35°10'11.97"N 18 Hap 2, Hap 6, Hap 7, Hap 11 (3), Hap 18, Hap 19, Hap 21, 0.0153 +£0.0079 0.9673 + 0.0298
106°29'19.64"E Hap 23 (2), Hap 37, Hap 37 (2), Hap 43, Hap 50, Hap 59, Hap 62

Total population 85 0.0144 +0.0071 0.9751+0.0112

SS = sample size; H, = haplotype diversity; P, = nucleotide diversity.
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Phylogeographic structure

The MP phylogenetic analysis of the 63 haplotypes revealed the existence of two
clades (Figure 2). Clade A, which contained 50.8% of the total (32 haplotypes); and Clade B,
which contained 49.2% of the total (31 haplotypes), were present in all five local populations
(Figure 1, Table 1). No significant phylogeographic structure was found, since no corresponding
relationships between clades and local populations were found, i.e., Clades A and B existed in
all of the localities studied. Individuals from one population were distributed across different
clades, and one clade contained individuals from different populations; therefore, there was
no correlation between the clades and their geographical distributions. The Bayesian inference
analysis yielded similar results: that the haplotypes were roughly divided into two groups.
Clade A included haplotypes from Hap 1 to Hap 32, and Clade B included haplotypes from
Hap 33 to Hap 63 in the Bayesian tree (Figures 2 and 3). The other haplotypes or branches did
not cluster into a clade; however, the branch lengths were short.

Regarding the results of SAMOVA, the F . values were fairly low, and all of the P
values (random value > observed value) were higher than 0.05. Therefore, SAMOVA tests
failed to reveal any meaningful phylogeographic structure.
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Figure 2. Maximum parsimony tree of haplotypes, rooted with two haplotypes from Scutiger ningshanensis.
Numbers above branches represent the bootstrap values.
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Figure 3. Bayesian inference tree of haplotypes, rooted with haplotype from Scutiger ningshanensis. Numbers
represent the posterior probabilities, the bar represents branch length.
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Population structure

The results of AMOVA reveal that most of the variation was within populations (96.1%),
and differentiation between populations only contributed 3.9% to the total (Table 2). The low
genetic variation between populations confirmed the lack of a phylogeographic structure in this
species. Gene flow, calculated using the N_, was high between most pairs of populations (Table
3), suggesting that there is a high level of gene flow between population of this species.

Table 2. Results of the analysis of molecular variance (AMOVA).

Source of variation ~ d.f.  Sum of squares  Variance components ~ Percentage of variation Fixation index

Between populations 4 75.101 0.45133% 39 Fy . =0.03898
P (random value > observed value) =
0.10574 +0.00318

Within populations 80 890.123 11.12653° 96.1
Total 84 965.224 11.57786

d.f. = degree of freedom. F, correlation within populations relative to total. Va represents the covariance
component due to differences among the G populations (number of groups in the structure), while Vb represents
the covariance component due to differences among haplotypes in different populations within a group (http://
cmpg.unibe.ch/software/arlequin35/man/Arlequin35.pdf).

Table 3. Gene flow (migrants per generation, N, ) and F values.

Sampling sites FWR CPG SSR DDR MXF
FWR - -0.023 0.029 -0.015 0.01

CPG -22.526 - 0.119 -0.034 0.088
LSR 16.547 3.708 - 0.131 -0.048
DDR -33.833 -15.328 3.319 - 0.094
MXF 50.005 5.181 -10.930 4.846 -

N_ values are shown below the diagonal, and F values are shown above the diagonal.

Genetic differentiation
Population comparisons showed no significant genetic differentiation between most local

populations (Table 4), except for the population comparison of LSR and DDR. Clade compari-
sons showed significant genetic differentiation between Clades A and B (F = 0.8343, P=0.0).

Table 4. Genetic differentiation (F,) between local populations.

Local population FWR (P value) CPG (P value) LSR (P value) DDR (P value) MXEF (P value)
FWR 0
CPG -0.0227
(0.4873 +£0.0051) 0
LSR 0.0294 0.1188
(0.2296 + 0.0041) (0.0544 + 0.002) 0
DDR -0.0149 -0.0335 0.1315*
(0.3896 + 0.0046) (0.6679 + 0.0043) (0.0429 + 0.002) 0
MXF 0.0097 0.0871 -0.0483 0.0942
(0.2738 + 0.0045) (0.0842 + 0.0029) (0.956 +0.0019) (0.0682 + 0.0027) 0
*P <0.05.
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The Mantel test results did not reveal any significant correlation between the pairwise-
calculated genetic distance and the pairwise-calculated geographical distance of the popula-
tions (regression coefficient = -0.0015, correlation coefficient = -0.2816, P = 0.7838), indicat-
ing the absence of an IBD pattern of genetic divergence for cyt b and the COI sequence. This
result suggests that the distribution of genetic variation was due to natural selection rather
than to geographical separation. Therefore, the Mantel test results do not provide evidence of
a large-scale geographical population structure in this species.

Demographic history

The results of the mismatch distribution analysis indicate that the P values for the SSDs
of the total population and Clade B were higher than 0.05, and that the P values for the R_of the
total population and both clades were also higher than 0.05. The P values for Fu’s F test of the
total population and both clades were lower than 0.01, and for Tajima’s D of both clades they
were lower than 0.05 or 0.01 (Table 5). All of the above P values suggest that the total popula-
tion and both clades experienced a sudden population expansion. Tajima’s D value and Fu’s F_
test are sensitive to bottleneck effects and population expansion, resulting in more negative val-
ues of Tajims’s D and Fu’s F (Tajima, 1993, 1996; Aris-Brosou and Excoffier, 1996; Martel et
al., 2004), and the latter is the most sensitive to recent population growth (Fu, 1997). However,
the mismatch distribution of the total population exhibited a frequency distribution of pairwise
differences with multiple peaks (Figure 4). The allelic frequency spectrum of the entire popula-
tion revealed that there was an excess of singleton mutations that did not fit the neutral model
(Figure 5); the excess of singleton mutations was caused by a population expansion (Ramos-
Onsins and Rozas, 2002). Both clades exhibited a star-shaped phylogeny network encircling the
basic haplotypes, and the basic haplotypes had a wide distribution or a high frequency (Figure
6), indicating that an exponential expansion had occurred (Avise, 2000).

Table 5. Mismatch distribution analyses and neutrality tests.

Clade SSD (P value) R (P value) Tajima’s D (P value) Fu’s F (P value)
Clade A 0.0972** (P =0.0013) 0.0133 (P=10.9914) -1.6348* (P =0.0293) -21.64194%* (P = 0.0)
Clade B 0. 0.0049 (P =0.7332) 0.0124 (P =0.905) -2.4906** (P = 0.0003) -20.5201** (P = 0.0)
Total population 0.0262 (P =0.4591) 0.0047 (P =0.804) -0.6568 (P =0.2861) -22.3379%** (P = 0.0007)

*P < 0.05; **P < 0.01; SSD = sum of squared deviation; R = Harpending’s raggedness index.
DISCUSSION

The Liupan Alpine toad is similar to the Tibetan Alpine toad S. boulengeri in morphol-
ogy (Huang, 1985). The shortest distance between the ranges of these two species is 150 km.
We assumed that the former had evolved from the latter by an isolation or founder event. This
assumption can now be rejected, since the Liupan Alpine toad possesses a high level of genetic
diversity, which is usually low in species that originated from isolation or founder events.

High genetic diversity in narrowly endemic species could be associated with factors
such as a long species history, which could accumulate many mutations, result in significant
gene flow, and having experienced a recent population contraction, include multiple founder
events, the maintenance of genetic diversity in refugia, hybridization, and the ability to sur-
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Figure 4. Mismatch distribution analysis of the total population and the clades.
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Figure 6. Minimum spanning tree of haplotypes. Each haplotype is represented by an ellipse or square (ancestor),
with an area proportional to its frequency.
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vive in a range of different habitats (Xue et al., 2004; Torres-Diaz et al., 2007; Walker and
Metcalf, 2008). All of these factors (except for hybridization) could have contributed to the
high level of genetic diversity found in S. liupanensis. The species has probably undergone
a history long enough to accumulate many mutations since its origin, and high gene flow
can contribute to fixing mutations in a population. S. /iupanensis once probably inhabited
the entire Liupan Mountains; however, a recent population contraction occurred, probably
due to anthropogenic activity and/or the degeneration of the environment. Multiple founder
events are an alternative explanation for the high genetic diversity observed in this species,
and it is possible that multiple founder events occurred during the history of this species.
Multiple founder events have accumulated a high number of mutations in S. /iupanensis.
The two congeners of S. liupanensis are S. boulengeri and S. ningshanensis, and the near-
est locations of these two species are 150 km and 250 km, respectively, from the location
of S. liupanensis, which makes it impossible for hybridization to have occurred between
these three species. Therefore, hybridization did not contribute to the high genetic diversity
found in S. liupanensis. S. liupanensis inhabits a range of different habitats, such as high
mountains, streams, and different plant communities, and high habitat diversity contributes
to high genetic diversity.

High gene flow, no significant genetic differentiation between most local populations, and
the lack of a population structure suggest that habitat fragmentation did not occur in this species.

High levels of genetic variation in mtDNA cyt b and COI suggest that there is a high
genetic diversity in nuclear genes, although in general the evolutionary rate of mitochondrial
DNA is higher than that of nuclear DNA. High genetic diversity is important in reducing the
possibility of recessive homozygotes occurring, which are detrimental to the survival and de-
velopment of the population. The probability of this occurring in species with a very narrow
geographical range is much higher than in species with a wide geographical range, but high
genetic diversity can certainly decrease the probability of recessive homozygotes occurring.

The Liupan Mountains are located in the arid interior of China, and have an unstable
environment (Liu, 1984; Wang et al., 2003). Drought often threatens the Liupan Alpine toad.
Frequent, severe drought may dramatically reduce the range of the toad, in which case few
individuals would survive. Therefore, founder effects may occur frequently. The survival of
local populations can be maintained with their existing genetic composition, since most of the
variation was attributed to within and not between populations. Therefore, recovered popula-
tions would maintain the highest genetic diversity, and high genetic variation is beneficial to
the survival and the development of the species.

The Alpine toad is limited to a very narrow geographical zone with a small population
size, and lives in an environment threatened by frequent drought and anthropogenic activity.
All of these factors have made it an endangered species. Effective conservation strategies and
measures should be established as soon as possible; the most effective approach is to protect
this species, to improve its environment, to expand its range, and to eventually increase its
population size.
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