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Abstract. The Chinese herb Fritillaria walujewii Regel is an important officinal species that is vulnerable because of
over-harvesting. Here, we examined the geographic pattern of genetic variation across the species entire range, to study its
evolution process and give implication needed for the conservation. Nine haplotypes were detected on the basis of three
chloroplast spacers. The most common haplotype was central in the haplotype network and was distributed widely from
the Yili Valley to the eastern Tianshan Mountains. Genetic variation primarily occurred among populations and
SAMOVA groups and the analysis of genetic structure showed a significant correlation between genetic and
geographical distance. The fragmented distribution of F. walujewii in deep valleys may cause gene-flow barriers among
distant populations and, along with genetic drift, has caused high genetic structure in the species. We identified Xinyuan
County as the centre of diversification of F. walujewii, and speculated that populations in the eastern Tianshan Mountains
were colonised from the Yili Valley. In relation to conservation management, we identified Xinyuan and Zhaosu County
as having a high degree of genetic diversity and these should be the areas of the greatest focus for conservation.
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Introduction

Phylogeography probes the processes that influence the
geographical distribution of genealogical lineages (Avise and
Walker 1998; Avise 2000). It canmake a valuable contribution to
conservation biology by providing information for endangered
species, such as genetic diversity, population structure and
evolutionary history, which are essential to the development of
broad-scale conservation strategies and planning of management
actions (Avise et al. 1987;Moritz 1994;Pope et al. 1998;Osborne
et al. 2000). For example, phylogeographic studies can help in
identification of an evolutionarily significant unit (ESU), a
phylogenetic unit that is reciprocally monophyletic with its
sister clade at a cytoplasmic locus and shows significant
divergence of allele frequencies (Ryder 1986; Fraser and
Bernatchez 2001). Phylogeographic studies can also identify
genetically highly variable populations as the management
units for a conservation plan (Ge et al. 2011).

The extensive and magnificent Tianshan Mountains in China
span 1700 km from west to east, and 250–350 km from south to
north (Wei and Hu 1990), separating the Junggar Basin in the
north from the Tarim Basin in the south. Because of the abundant

precipitation in the form of snow, the Tianshan Mountains have
been described as a wet island in the arid north-western region
of China (Hu 1998). There are many medicinal plant species
distributed in the mountains, such as Ferula sinkiangensis K.M.
Shen, Saussurea involucrate (Kar. et Kir) Sch.-Bip., and
Fritillaria walujewii Regel. Recently, because of heavy
harvesting in the wild, the number of the medicinal plants in
the Tianshan Mountains has declined rapidly (Hu 1998),
including populations of F. walujewii that have become small
and isolated. Population-genetic patterns and evolutionary
histories of plant species, especially those that are threatened,
need to be understood to informmanagement plans and establish
effective conservation strategies.

Fritillaria walujewii is a perennial herb and belongs to the
family Liliaceae. Its natural distribution is primarily in
Tokkuztara County and Zhaosu County, and other occurrences
are found west along the Tianshan Mountains towards
Kazakhstan (Wang and Tang 1980). Its natural habitat is Picea
forests, thickets, meadows and steppes between the altitudes of
1000 and 2600m above sea level. Fritillaria walujewii is a
traditional Chinese medicinal plant with extremely important
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pharmacological value because the bulb can be used to reduce
fever and relieve bronchial symptoms. The species has been
listed as vulnerable in the list of rare endangered endemic
higher plants in Xinjiang Province (Wang and Tang 1980; Yin
et al. 2006).

In plants, chloroplast DNA (cpDNA) is known to evolve
slowly, with low recombination and mutation rates (Li and Fu
1997; Comes and Kadereit 1998). The maternally inherited
cpDNA lineages in natural populations can be used to trace
the evolutionary history of a species and often display distinct
geographic distributions (Avise 2000). In addition, past and
present population dynamics can be also inferred from
ecological niche modelling (ENM; Phillips et al. 2006; Zhang
et al. 2013).Here, we probed the evolution history inF.walujewii,
through combining molecular phylogeography and ENM.

We sampled populations across the extent of the Tianshan
Mountains, and assayed genetic variation in three cpDNA
spacers (psbA–trnH, rps16 and trnS–trnG). Specifically, we
addressed the following questions: (1) what is the level of
genetic variation within and among populations; (2) iIs there a
phylogeographic pattern in the species; and (3) are there genetic
hotspots that may be significant for conservation?

Materials and methods
Plant materials
In total, 235 individuals from 18 populations of the species were
sampled, covering almost the entire geographical range of its
distribution. Twelve populations were sampled in the Yili Valley
(Populations 1–12) and six in the eastern Tianshan Mountains
(Populations 13–18); within the valley, Populations 4–7 were
sampled from Zhaosu County, and populations 8–12 were from
Xinyuan County. In total, 8–16 individuals were collected per
population. Fresh leaves were gathered from each individual and
dried in silica gel. We also collected samples of the species
F. pallidiflora Schrenk for use as an outgroup for the network
analysis.

DNA extraction, amplification and sequencing
Total genomic DNA was extracted from silica gel-dried leaf
tissue by using a modified 2�CTAB method (Rogers and
Bendich 1985; Doyle and Doyle 1987). The intergenic spacer
trnH–psbA was amplified and sequenced using the primers and
protocols of Sang et al. (1997), the trnS–trnG region was
amplified and sequenced using the primers and protocols of
Shaw et al. (2005), and the rps16 region was amplified and
sequenced using the primers and protocols of Oxelman et al.
(1997). Amplification products were purified using PCR Product
Purification Kits (Shanghai SBS, Biotech Ltd, Shanghai, China),
following directions provided by the manufacturer. Sequencing
reactions were conducted with the forward or reverse primers
of the amplification reactions, using the DYEnamic ET
Terminator Kit (Amersham Pharmacia Biotech, Shanghai,
China), with an ABIPRISM3730 automatic DNA sequencer
from Shanghai Sangon Biological Engineering Technology
and Services Co. (Shanghai, China). Electropherograms were
edited and assembled using SEQUENCHER 4.8 (Gene Codes,
Ann Arbor, MI, USA). Sequences were aligned using the
CLUSTAL W program (Thompson et al. 1994) and refined by

visual inspection, and the alignments were then adjusted
manually. Indels were coded as single binary characters
(Simmons and Ochoterena 2000). Haplotypes were identified
by the program TCS v. 1.21 (Clement et al. 2000).

Data analysis
HAPLONST (http://www.pierroton.inra.fr/genetics/labo/Software/
index.html) was used to estimate within-population diversity
(hS), total gene diversity (hT), and genetic differentiation (GST)
at the species level, as well as population subdivision for
phylogenetically ordered alleles (NST). Standard-diversity
indices, including haplotype diversity (h; Nei 1987), mean
number of pairwise differences (B; Tajima 1983), and
nucleotide diversity (Bn; mean number of pairwise differences
per site; Nei 1987) were calculated for each location and for
groups of locations by using the program ARLEQUIN v.3.01
(Excoffier et al. 2005). To test for isolation-by-distance, pairwise
estimates of FST (from ARLEQUIN) and the natural log of
geographic distances between locations (calculated in
PASSAGE v. 1.1; Rosenberg 2001) were correlated using the
program IBDv. 1.52 (Bohonak 2002). Ahaplotype network of all
sequences was constructed using statistical parsimony
(Templeton et al. 1992) and a maximum connection limit
equal to 40 steps was implemented in the program TCS v.
1.21 (Clement et al. 2000). We use Bayesian inference (BI), as
implemented in MrBayes v. 3.0 (Huelsenbeck and Ronquist
2001; Ronquist and Huelsenbeck 2003), to investigate the
phylogenetic relationships of the cpDNA haplotypes. In BI
analyses, we used Modelltest 3.7 to determine the appropriate
nucleotide substitution model (Posada and Crandall 1998), and
two separate runs were performed. Each included four chains
running for 5 000 000 iterations, with one tree sampled every 100
iterations. The first 25% of the run was treated as burnin and not
used for subsequent calculations of tree statistics.A50%majority
rule consensus treewas constructed, and posterior probabilities of
nodes were recorded.

To test the spatial genetic structure of cpDNA haplotypes,
spatial analysis of molecular variance was performed using the
programSAMOVAv.1.0 (Dupanloup et al. 2002), so as to define
groups of populations (K) that are geographically homogeneous
and genetically differentiated from each other, and the analysis
was run for K= 2–17. Finally, the number of groups maximising
the proportion of total genetic variance because of differences
among groups of populations (FCT) was retained as the best
grouping of populations. On the basis of pairwise differences of
the sequences, analysis of molecular variance (AMOVA) was
employed to study the genetic structure of the species (Excoffier
et al. 1992), and the fixation index (FST) was also estimated. A
Mantel test was used to test whether thematrix of genetic distance
was significantly correlated with the matrix of geographical
distance.

To test for evidence of range expansions, Tajima’s D and
Fu’s FS statistics were calculated (Tajima 1989; Fu 1997; Jaeger
et al. 2005; Smith and Farrell 2005). A significant value for D or
a significant, large, negative value for FS may be the result of
population expansion (Aris-Brosou and Excoffier 1996; Tajima
1996; Fu 1997). So as to investigate hypotheses of demographic
history, the mismatch distribution (MDA) was also calculated.
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The shape of the mismatch distribution provides evidence of a
sudden population expansion during the history of a species
(Slatkin and Hudson 1991; Rogers and Harpending 1992). A
unimodal distribution indicates that populations have
experienced a recent expansion, and, to test for significance,
10 000 permutations were performed. All expansion tests were
implemented in ARLEQUIN v.3.01 (Excoffier et al. 2005). If the
sudden expansion model was not rejected, we used the
relationship s= 2ut to estimate the expansion time (t) (Rogers
and Harpending 1992), where s is the total number of mutations,
and u is the mutation rate per generation for the whole analysed
sequence. The value of uwas calculated as u = 2 mkg, where m is
the substitution rate per nucleotide site per year (s s–1 y–1), k is
the average sequence length of the analysed DNA region, and g
is the generation time in years. The cpDNA substitution rates for
most Angiosperm species have been estimated to vary between
1 and 3� 10�9 substitutions per site per year (s s–1 y–1) (Wolfe
et al. 1987). Given the uncertainties in these rate values, we
used normal distribution priors with a mean of 2� 10�9 and a
standard deviation of 6.080� 10�10 for cpDNA to cover these
rate ranges within the 95% range of the distribution for our
estimation of range expansion times (Jia et al. 2012). The
generation time for this species is 4 years.

On the basis of the geographical distribution of the Fritillaria
walujewii populations included in the present study (Fig. 1,
Table 1), ecological niche modelling was performed in
MAXENT, version 3.2.1 (Phillips et al. 2006), to construct the
present climatic envelope for the species and project it onto
two climatic scenarios for the last glacial maximum (LGM).
For the past (LGM, ~21 thousand years before present),
potential distributions were modelled using the Community
Climate System Model (Collins et al. 2006) and the Model for
Interdisciplinary Research onClimate (Hasumi andEmori 2004),
and for the present, modelswere run using theWorldClim dataset
(Hijmans et al. 2005). The climatic niche of the species was
modelled as a functionof six (of 19)BIOCLIMvariables screened
by principal component analysis. This restricted dataset was used

to avoid including highly correlated variables and prevent
potential overfitting (Peterson and Nakazawa 2008). To form
ENMs,we used the default parameters ofMAXENTand the user-
selected features, as follows: regularisation multiplier of 3.0,
application of a random seed, duplicate-presence records
removal, and logistic probabilities used for output (Phillips
and Dudík 2008). Model performance was evaluated using the
area under the receiver operating characteristic curve (AUC)
calculated by MAXENT. We used a jackknife (or ‘leave-one-
out’) procedure to train and test the model. Values over 0.7
indicate good discrimination (Swets 1988).

Results

Sequence analysis

The aligned sequence length was 303 base pairs (bp) for the
trnH–psbAspacer, 833 bp for the rps16 spacer, and 686 bp for the
trnS–trnG spacer. In total, eight informative characters were
found in the aligned sequence data, including four nucleotide
substitutions (Positions 1124, 1153, 1316, 1479) and four indels
(Positions 397, 1271, 1723, 1724). Of the 235 sampled
individuals from 18 populations, nine haplotypes (A–I), in
total, were identified (Table 1). GenBank accession numbers
of the cpDNA sequences are KJ956409–KJ956423.

Haplotype geographical distribution and relationships

The geographic distribution of cpDNA haplotypes, along with
the frequency of haplotypes in each population, is presented in
Fig. 1 and Table 1. Haplotype A was more widespread than were
the others; it was distributed along the Tianshan Mountains in
the Yili Valley and extended to the eastern Tianshan Mountains
beyond the valley. Haplotype B was also widespread in the
valley. In addition, there were some rare haplotypes, such as
C, D, E, and F in the valley. Haplotype G, and other rare
haplotypes including H and I, were absent from the Yili
Valley and were restricted to the eastern Tianshan Mountains.
The haplotype network (Fig. 2) showed a star-like structure.
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Fig. 1. Geographical distribution of Fritillaria walujewii in China. Population numbers correspond to those in Table 1, haplotypes to those in Table 2.
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Genetic diversity and genetic structure

Spatial genetic analysis of cpDNA haplotypes using SAMOVA
indicated that FCT increased to a maximal value of 0.7276 when
K (the number of groups) was raised from K= 2 to K= 3. The
grouping pattern of populations corresponding to K= 3 is as
follows: (1) Populations 1–7 and 9–12 from the Yili Valley,
and 17–18 from the eastern Tianshan Mountains; (2) Population
8 in the Yili Valley; (3) Populations 13–16 from the eastern
Tianshan Mountains. Within-population gene diversity (hS) was
0.308 (s.e. 0.0712), and total gene diversity (hT) was 0.693
(s.e. 0.0729). Differentiation among populations was moderate
(GST = 0.555, s.e. 0.1006), indicating some population structure.
NST was 0.648 (s.e. 0.0781), being significantly higher than
GST as shown by the U-test (U= 1.40, P < 0.01), indicating
significant phylogeographic structure. The AMOVA results
provided evidence that 65.02% (P < 0.001) of the total

variation can be explained by differences among populations.
When populations were grouped according to geographical
region, AMOVA results demonstrated that 72.76% (P < 0.001)
of the total variation occurred among the groups (Table 3).
Among all the populations, Population 10 had the highest
haplotype diversity, mean number of pairwise differences, and
nucleotide diversity. In groups subdivided by SAMOVA, Group

Table 1. Details of sample locations, sample size and haplotype frequencies for 18 populations of Fritillaria walujewii
Values in parentheses represent the number of the haplotypes

Region Number County Location Latitude (N) Longitude (E) Altitude (m) Haplotype

Yili Valley 1 Yining Gulja 43�290 81�080 1744 A (9), B (6)
2 Nilka Black hill 43�380 82�210 1140 A (13)
3 Tokkuztara Talimu 43�110 82�360 1400 A (11)
4 Zhaosu Stud farm 43�130 81�110 2187 A (8), B (7)
5 Xiata 42�390 80�350 2019 A (8), B (3)
6 Xiata gorge 42�350 80�410 2204 A (6), B (4), C (3)
7 Suolan 42�400 80�330 2041 A (5), B (5), C (3)
8 Xinyuan Wild fruit forest 43�210 83�340 1670 D (8)
9 Six commune 43�210 83�130 1691 A (7), D (4), E (4)
10 Qiapu river A 43�200 83�150 1699 A (7), D (3), E (3), F (2)
11 Qiapu river B 43�190 83�180 1703 A (13)
12 Nalat Grassland 43�160 83�540 1863 A (8), D (2)

Eastern Tianshan 13 Shawan Shawan A 43�580 85�530 1217 G (15)
14 Shawan B 43�590 85�520 1437 G (12)
15 Shawan C 43�580 85�500 1170 G (8), H (2)
16 Fukang Tianchi 43�540 88�070 1587 G (8), I (8)
17 Qitai Tangfangmen 43�380 89�370 1630 A (15)
18 Banjiegou 43�390 89�440 1516 A (15)

Table 2. Nine haplotypes of Fritillaria walujewii recognised on the
basis of three chloroplast DNA sequences (trnH–psbA, rps16, trnS–trnG)

~, GTAT; ˛, TA

Sequence position 3 1 1 1 1 1 1 1
9 1 1 2 3 4 7 7
7 2 5 7 1 7 2 2

4 3 1 6 9 3 4

Haplotype
A – C G – G T T T
B – C G – G G T T
C – C C – G G T T
D – C G – G T T –

E – C G – A T T T
F – C G ˛ G T T T
G – T G – G T T –

H ~ C G – G T – –

I – T G – G G T –

A
B C

E

GDH I

outout

3939

F

Fig. 2. Cp haplotype network of Fritillaria walujewii constructed under
the criterion of statistical parsimony. The circle size is proportional to
haplotype frequencies. The number of inferred steps between haplotypes
is shown near the corresponding branch section. The blank dots represent
the missing or inferred haplotypes.
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1 had the highest haplotype diversity, mean number of pairwise
differences, and nucleotide diversity (Table 4). Mantel’s test
showed that there was significant correlation between genetic
and geographical distance (r= 0.525, P< 0.0001).

Demography of the groups in Fritillaria walujewii

Demographic analysis of groups and total individuals showed
that Group 1 (including Populations 1–7, 9–12, 17–18)
experienced range expansion in the past. Range expansion in
Group 1 is supported by significant results of Fu’s FS, along with
unimodal distributions for the shapes of themismatch distribution
(Fig. 3, Table 5). The time of the geographic range expansion
of F. walujewii is estimated to have occurred at ~10 600 years
ago, which is consistent with the deglaciation period in the last
glacial episode (Shi et al. 2005).

Phylogenetic analysis

The best nucleotide-substitution model selected by Akaike
information criterion (AIC) was HKY+G. In the BI tree,
F. walujewii is resolved as monophyletic, and this relationship
is well supported (1.00 posterior probabilities). Haplotype D is
sister to the rest of the haplotypes of F. walujewii. Most of the
phylogeny is not well supported, but one clade, including
Haplotypes I, B and C, received posterior probabilities of >0.8
(Fig. 4).

Past and present distribution of F. walujewii

The test AUC for the ENM was very high (0.999), and the
potential range of the species (Fig. 5a) was a good
representation of the species current distribution, except for
areas of high habitat suitability north of the Yili Valley where
the species is absent (Fig. 1). Range expansion to the present is
shown with both CCSM and MIROC LGM climate models,
although there is a considerable discrepancy of potential range
during the LGM between the two climate models.

Discussion

Genetic variation of three noncoding spacers
of cpDNA in Fritillaria walujewii

Total gene diversity in F. walujewii (HT = 0.693) was high
compared with other alpine plants of Liliaceae, such as Allium
przewalskianum (HT = 0.612) (Wu et al. 2010a). The Tianshan
Mountains in China are vast and span from west to east 1700 km
and from south to north 350 km (Wei and Hu 1990). The largest
distancebetweenour sampledpopulations is 750 km.Sucha large
regional range of F. walujewii may account for the high level of

Table 4. Measures of haplotype diversity, mean number of pairwise differences and nucleotide diversity
within sampled locations and SAMOVA groups of Fritillaria walujewii, based on three sequences

Parameter Nind Haplotype
diversity ± s.d.

Mean number of pairwise
differences ± s.d.

Nucleotide
diversity ± s.d.

Population
Population 1 15 0.5143± 0.0690 0.5143 ± 0.4582 0.0857 ± 0.0856
Population 2 13 0.0000 0.0000 0.0000
Population 3 11 0.0000 0.0000 0.0000
Population 4 15 0.5333± 0.0515 0.5333 ± 0.4688 0.0889 ± 0.0876
Population 5 11 0.4364± 0.1333 0.4364 ± 0.4218 0.0727 ± 0.0793
Population 6 13 0.6923± 0.0750 0.9231 ± 0.6796 0.1538 ± 0.1273
Population 7 13 0.7051± 0.0640 0.8974 ± 0.6665 0.1496 ± 0.1249
Population 8 8 0.0000 0.0000 0.0000
Population 9 15 0.6857± 0.0683 0.8381 ± 0.6306 0.1397 ± 0.1178
Population 10 15 0.7333± 0.0843 1.1810 ± 0.8020 0.1476 ± 0.1124
Population 11 13 0.0000 0.0000 0.0000
Population 12 10 0.3556± 0.1591 0.3556 ± 0.3753 0.0593 ± 0.0707
Population 13 15 0.0000 0.0000 0.0000
Population 14 12 0.0000 0.0000 0.0000
Population 15 10 0.3556± 0.1591 2.1333 ± 1.2932 0.2370 ± 0.1625
Population 16 16 0.5333± 0.0456 0.5333 ± 0.4672 0.1067 ± 0.1047
Population 17 15 0.0000 0.0000 0.0000
Population 18 15 0.0000 0.0000 0.0000

SAMOVA group
Group 1 0.4603± 0.0429 0.5835 ± 0.4723 0.0729 ± 0.0653
Group 2 0.0000 0.0000 0.0000
Group 3 0.3237± 0.0740 0.7054 ± 0.5401 0.0784 ± 0.0666

Table 3. Results of analysis of molecular variance for 18 populations
of Fritillaria walujewii, based on chloroplast DNA sequence data

*P< 0.001

Source of variation d.f. Sum of
squares

Variance
components

Percentage of
variation (%)

Among populations 17 98.356 0.4263 65.02*
Within populations 217 49.772 0.2294 34.98
(1, 3–7, 17, 18) vs (8)

vs (2, 13–16)
Among groups 2 79.311 0.8212 72.76*
Among populations

within groups
15 19.045 0.0781 6.92*

Within populations 217 49.772 0.2294 20.32*
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genetic diversity in the species. The varied habitats occupied
by F. walujewii may harbour locally adapted haplotypes as a
consequence of differential geology and topography across the
species broad range.

Compared with total gene diversity, within-population gene
diversity was relatively lower, resulting in a moderate level of
differentiation among populations. The moderate level of
differentiation among populations or groups was also
supported by the Mantel test and AMOVA analyses.
Numerous geographic barriers within the species range are
likely to promote vicariant processes and account for the
moderate genetic differentiation among population groups
shown here. The Tianshan Range in China contains more than
20 east–west mountains and valleys, and the altitude of the
main mountains exceeds 4000m (Wei and Hu 1990) and the
Yili Vally is subdivided into five main valleys (Zhang 2006).
The multiple deep river valleys of variable dimensions may
obstruct gene flow and increase genetic differentiation among
populations.

Phylogeographic patterns in Fritillaria walujewii

Climate oscillation during the Quarternary is usually considered
an important factor influencing the current geographical
distribution patterns and population-genetic structures (Hewitt
2004). Previous palynological and phylogenetic research on
plant responses to Quaternary climate change has generally
agreed that the fundamental response of most temperate plant

taxa in the northern hemisphere to Quaternary climate changes
was migration (Forester et al. 2013), compared with persistence
as a major response in temperate species in southern hemisphere
systems (Byrne 2008). The climate niche modelling showed that
the potential present range approximately includes the existing
locations where the species is found, but also includes areas of
high habitat suitability north of the Yili Valley, from which the
species is currently absent. We speculate this was caused by
recent land development, or is due to long-term barriers to
dispersal over historical time. The different results of CCSM
andMIROCmodels (Fig. 5b, c) might be caused by the different
data usedby them; usually,MIROCmodelwill give awider range
of predictions (Su and Zhang 2013). Although there is
discordance, the predicted range of the species at the LGM
was significantly smaller than present in both models. During
the LGM, the climate was cooler and drier than present, and the
harsh environment would be expected to force species to contract
to habit with suitable conditions, and restrict the distribution to a
smaller range.

We interpreted the patterns of diversity as locations with
high levels of genetic variation and unique haplotypes as being
possible sites of refugia or as a centre of diversification (Taberlet
and Cheddadi 2002), and locations with low levels of genetic
variation as possible sites of population expansion (Fehlberg and
Ranker 2009). In comparison of genetic diversity among the
populations, populations in Xinyuan County have the highest
haplotype diversity, and contain the commonHaplotype A that is
at the centre of the network. Thus,we suggestXinyuan region as a
possible centre of diversity or a refugium for F. walujewii. This
hypothesis is consistent with the LGM refugial areas inferred
from ENMs. Compared with current distribution, locations in
XinyuanCounty are persistent in current andpastLGM-modelled
areas compared with locations in Zhaosu County, Yining County
and the eastern Tianshan Mountains that are absent from the
distribution modelled at the LGM. This implies that Xinyuan
Country might be a refugial area, and other areas might be
colonisation zones as a result of post-glacial warming or
F. walujewii may have persisted in small populations in
localised areas of suitable habitat with reduced diversity and
differentiation.

Although there is no palynological or macro-fossil evidence,
there are signatures of range expansion in the significant value of
Fu’sFS, aswell as a unimodelmismatch distribution, that support
our speculation about the colonisation of the species. The Zhaosu
andYining counties did not appear to retain suitable habitat at the
LGMon the basis of ENM, suggesting that the species contracted
from the area and recolonised duringwarm andwet climate in the
post-glacial period that is likely to have provided suitable
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Fig. 3. Mismatch distribution analysis for chloroplast DNA data for
Group1 that includesPopulations1–7, 9–12,17–18 (SSD= 0.0000,P= 0.87).

Table 5. Results of neutrality tests and mismatch distribution analysis for two groups and total individuals
in Fritillaria walujewii

Group (1) includes populations 1–7, 9–12, 17–18, and group (3) includes populations 13–16. t, time in number of
generations elapsed since the sudden expansion episode; Hrag, the Harpending’s raggedness index; SSD, sum of

squared deviations

Group t SSD (P-value) Hrag (P-value) Tajiam’s D (P-value) Fu ‘s FS (P-value)

Group 1 0.62 0.0004 (0.7) 0.1074 (0.44) –0.2629 (0.45) –1.6185 (0.248)
Group 3 3.00 0.0103 (0.36) 0.2510 (0.56) –0.4209 (0.318) 1.1930 (0.714)
Total 1.738 0.0063 (0.62) 0.0414 (0.87) 0.1693 (0.647) –0.9944 (0.34)
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conditions for the species to expand out from a refugium.
However, populations in this area showed moderate diversity,
which was greater than would be expected with a simple model
of recent expansion. Nevertheless, range expansions can show
more complex patterns because various forms of dispersal can
affect colonisation, leading to allele surfing and patchy
distributions of haplotypes (REFS). Spatial expansions can
generate allele-frequency gradients, promote the surfing of
some variant into newly occupied territories, and induce the
structuring of newly colonised areas into distinct sectors of
low genetic diversity (Excoffier and Ray 2008; Excoffier et al.
2009). Thus, the haplotype diversity in the Zhaosu and Yining
counties may be due to such patterns of colonisation. The
patterns of diversity to the east of the proposed refugium in
Xinyuan County are also complex, because populations in the
nearer Shawan and Fukang counties shared no haplotypes with
the Xinyuan County, whereas populations in the further eastern
Tianshan Mountains were fixed for the common Haplotype
A. Although the ENM showed that there was no suitable
habitat at the LGM in the area of the sampled populations in
the Shawan county and the eastern Tianshan Mountains, it did
show occurrence of some suitable habitat in the intervening area
and the population at Fukang. The presence of differentiated
haplotypes in Shawan and Fukang counties may have been the
result of complex patterns of colonisation, leading to fixation of
rare haplotypes at the front of an expansion wave from a
refugium in Xinyuan County, or may have resulted from
colonisation from populations that persisted in areas of
suitable habitat around Fukang.

Similarly, the presence of the common Haplotype A in the
eastern Tianshan Mountains may have been the result of long-
distance colonisation from the refugium in Xinyuan County, or
could have resulted from colonisation from populations that
persisted in areas of suitable habitat in between. A variant
such as Haplotype A might surf on the wave of advance of the
refugium range expansion, reaching high frequencies, spreading
to the other suitable habitats in the Yili Valley, and spreading
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to the easternTianshanMountains from theYiliValley.During the
multiple processes of colonisation, genetically distinct populations
from dispersed refugia would meet, and intermingled isolates of
the genetic variations were found (Nichols and Hewitt 1994;
Mellick et al. 2012). Some populations of F. walujewii that
have mixed distributions of haplotypes, such as Populations 1,
4–7 and 12, might be an example of this colonisation pattern.

On the basis of this, we suggest the following the migration
route for the species: populations distributed in the Yili Valley
extended outwards to the eastern Tianshan Mountains, and
during the immigration, some rare haplotypes such as G, H,
and I evolved and were fixed in locations along the route.

Conservation implications for Fritillaria walujewii

Genetic drift is expected to occur in small populations, especially
when gene flow between populations is restricted (Frankham
et al. 2002); consequently, this may cause a reduction of genetic
diversity. Endangered species with fragmented distributions
are particularly susceptible to genetic drift and may suffer a
loss of genetic diversity (Fischer and Matthies 1997; Reed and
Frankham 2003). The maintenance of genetic diversity is a
critical issue in the conservation and management for long-term
survival of threatened species (Frankel 1983). Owing to human
overexploitation, populations of F. walujewii have become small
and isolated, so reservation regions covering major populations
with high genetic variation should be established. Populations in
Xinyuan County and Zhaosu County have a higher level of
genetic diversity than do other populations, and include the
main genetic diversity of F. walujewii; so, these two counties
should be the areas of greatest focus when considering strategies
of conservation management for the recovery of this important
officinal species.
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