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Abstract Two chloroplast intergenic spacers (trnD-trnT

and rps16-trnK) were used to study the phylogeographical

structure of Helianthemum songaricum in northwestern

China, with 12 haplotypes detected. Phylogenetic analysis

showed that H. songaricum comprised two lineages, one

distributed in the Yili Valley and the other in the western

Ordos Plateau. Nested clade phylogeographic analysis

likewise indicated that haplotypes in the Yili Valley and

those in the western Ordos Plateau formed sister monophy-

letic clades. This lineage split was also supported by AM-

OVA analysis and the Mantel test. AMOVA showed that

99.41% of variance in H. songaricum occurred between the

two distribution regions, and correlation between genetic

differentiation and geographical distances was significant

(r2 = 0.877, P \ 0.0001). All populations in the Yili Valley

shared haplotype A with high frequency, and range expan-

sion was detected by nested clade analysis and strongly

supported by negative Fu’s FS-values, Tajima’s D-values,

and mismatch distribution analysis. We speculate that

aggravation of the dry and cold climate during the early

Quaternary, combined with plant physiological features,

were determining factors contributing to the lineage split,

and climate oscillations most likely led to the Yili range

expansion. The high drift load (FST = 0.9923, GST =

0.663) and inbreeding load (HS = 0.219) of H. songaricum

indicate a significant extinction risk, and protective mea-

sures should be taken immediately.
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Introduction

Phylogeography can make a valuable contribution to con-

servation biology. Adequate biological information for

declining species, such as genetic diversity, population

structure, and evolutionary history, 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; Browning et al.

2001). For example, phylogeographic studies can help in

identification of a phylogenetic unit that is reciprocally

monophyletic with its sister clade at a cytoplasmic locus and

shows significant divergence of allele frequencies. Such an

entity is defined as an Evolutionarily Significant Unit (ESU)

(Ryder 1986; Fraser and Bernatchez 2001). Usually the ESU

is a top-priority protection target below taxonomic levels

(Ryder 1986). Phylogeography studies can also identify

haplotypes that are significantly divergent from other alleles.

These haplotypes can be used to assist the development of

plans for the conservation and sustainable use of plant spe-

cies, especially for informing the transfer of germplasm

within and between regions (Newton et al. 1999).
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Natural processes, such as vicariance caused by geo-

logical changes or climatic oscillations, can profoundly

impact the genetic diversity and population structure of

plant species, leading to genetic divergence among popu-

lations in the species. For example, Liao et al. (2007) found

that the land barrier of the Malay Peninsula has caused

population differentiation between the Indian Ocean and

South China Sea in Ceriops tagal; Rowden et al. (2004)

concluded that Fagus populations in Mexico retreated

northward and expanded southward repeatedly during

alternate glacial and interglacial periods in the Pliocene

and Pleistocene, resulting in population fragmentation and

a high degree of genetic variation within the species. In

addition, many studies have also indicated that within

different allopatric regions, patterns of range shift have

been distinct; in some regions, range expansion might have

occurred. For example, in the eastern Qinghai-Tibetan

Plateau (QTP), most populations of Allium przewalskianum

contained multiple haplotypes and showed significant

genetic divergence from each other, but in the western

QTP, this species experienced an earlier range expansion at

the end of the last glacial maximum (LGM) (Wu et al.

2010); two distinct lineages of Hippophae tibetana were

found distributed in eastern and western regions of the

QTP, but within each, populations had experienced a recent

postglacial expansion (Jia et al. 2011). For those species

which are in decline, the identified differentiated popula-

tions should be taken into consideration for conservation

measures.

China has some distinctive biogeographic features.

There are many studies concerning phylogeography in the

context of the Tibetan plateau (Zhang et al. 2005; Yuan

et al. 2008), because of its complex topography and the

climatic effects of plateau uplift. However, investigations

on the phylogeography of plant species in the arid north-

western part of China are scarce, including only genetic

diversity measurements on a few plant species (Chen et al.

2009). The arid zone in northwestern China comprises the

entire Xinjiang Autonomous Region, the Hexi Corridor in

Gansu Province, the Caidamu Basin in Qinghai Province,

and western parts of the Helan Mountains in the Inner

Mongolia Autonomous Region (Alxa Dersert) (Zhu et al.

2004). Species in this combined area are often sparsely

distributed and ancient. Many of them may be survivors

from the ancient Tethys region, such as Gymnocarpos

przewalskii, Cynomorium songaricum, Helianthemum

songaricum (Tang 2000). This illustrates the close rela-

tionship among floras of the Mediterranean, Xinjiang, and

Inner Mongolia regions.

Helianthemum is mostly distributed in the Mediterra-

nean region and extends to Central Asia. There is usually

only considered to be one species of Helianthemum

which occurs in China, H. songaricum, which is mainly

distributed in the Yili Valley of Xinjiang, and in the wes-

tern Ordos Plateau of Inner Mongolia (Yang and Michael

2003). However, based on flower characteristics and

chromosome number, Zhao et al. (2000) has proposed

segregation of the populations in the western Ordos as a

new taxon, H. ordosicum.

Helianthemum songaricum in the wider sense has

declined drastically over the past several decades and is

classified as endangered in the China Species Red List (Fu

1992). This phylogeographic study aims to provide useful

information for its conservation. Furthermore, because of its

rather typical disjunctive distribution in China, this study

provides insight into the origin, evolvement, and migratory

routes of the flora of northwestern China (Fu 1992).

H. songaricum is a deciduous shrub and primarily occurs on

lithoid hillsides (about 1000–1300 m) with an arid climate.

It has leathery leaves, yellow flowers, and ovoid capsules

with short pubescence, and chiefly reproduces sexually by

way of insect pollination. Previous research, employing

horizontal starch gel electrophoresis, dealt with genetic

diversity and population differentiation of this species, but

was limited to Inner Mongolia (Duan et al. 2000), and

therefore did not provide information concerning genetic

structure and phylogeography across the whole distribution

range, or use modern molecular techniques.

In this study, we used two chloroplast DNA regions,

trnD-trnT, and rps16-trnK, to examine the phylogeo-

graphical pattern of 15 populations of H. songaricum

across the entire distribution range in China. Specific

questions addressed were: (1) Do populations of the two

allopatric regions represent different evolutionary units?

(2) Were there similar range shifts within each of the two

regions?

Materials and methods

Sampling

A total of 154 individuals from 15 populations of this

species were sampled, covering almost the entire geo-

graphical range of distribution in the Yili Valley and

western Ordos Plateau. We were unable to find the species

at locations in Gansu (in the Hexi Corridor), probably

because it has become extinct there due to deforestation

and other human activities in recent decades. Across all of

the species range, nine populations were sampled in the

Yili Valley and six in the western Ordos Plateau; 6 to 15

individuals were collected per population. Fresh leaves

were gathered from each individual and dried in silica gel.

We also selected two species, Helianthemum nummularium

and Crocanthemum canadense as outgroups for the phy-

logenetic analysis (Guzmá and Vargas 2009).
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DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from silica-gel-dried

leaf tissue using a modified 29 CTAB method (Rogers and

Bendich 1985; Doyle and Doyle 1987). The intergenic

spacer trnD-trnT was amplified and sequenced using the

primers and protocols of Demesure et al. (1995), and the

rps16-trnK region was amplified and sequenced using the

primers and protocols of Takahashi et al. (2005). Amplifi-

cation products were purified using the PCR product puri-

fication kit (Shanghai SBS, Biotech Ltd., China), following

directions provided by the manufacturer. Sequencing reac-

tions were conducted with the forward or reverse primers of

the amplification reactions, using the DYEnamic ET Ter-

minator Kit (Amersham Pharmacia Biotech), with an ABI-

PRISM3730 automatic DNA sequencer from Shanghai

Sangon Biological Engineering Technology & Services

Co., Ltd (Shanghai, China). Electropherograms were edited

and assembled using SEQUENCHER 4.1 (Gene Codes,

Ann Arbor, MI, USA). Sequences were aligned using the

CLUSTAL W program (Thompson et al. 1994).

Phylogenetic analysis

Phylogenetic analysis of the resulting alignments was

carried out by maximum-parsimony (MP) and maximum-

likelihood (ML) in PAUP* version 4.0b10 (Swofford

2002). We constructed MP trees using a heuristic search,

100 random additions of sequences, with the tree-bisection-

reconnection (TBR) branch swapping, and MULTREES,

COLLAPSE, and STEEPEST DESCENT options switched

on. Characters were weighted equally and their state

changes were treated as unordered. Gaps in sequences were

treated as the fifth character state. We used Modeltest 3.7

(Posada and Crandall 1998) to search for the best nucleo-

tide substitution model. The reliability of the trees obtained

with the ML and MP methods was tested using boot-

strapping with 1000 replicates.

Haplotype network and nested clade phylogeographic

analysis

For this analysis, indels were coded as single binary char-

acters following Simmons and Ochoterena (2000). The

analysis was performed following the approach of Temple-

ton et al. (2005) using the program ANeCA (Panchal 2007).

A statistical parsimony network of all sequences was con-

structed with the program TCS (Clement et al. 2000), and the

resulting network was nested hierarchically following the

rules described by Templeton et al. (1987) and Templeton

and Sing (1993). Based on the geographical coordinates of

each population, clade and nested clade distances were

estimated to assess the geographical association of the clades

and nested clades (Templeton et al. 1995). The null

hypothesis of no geographical associations for the tip and

interior clades was tested using GEODIS 2.5 (Posada et al.

2000), with 10,000 random permutations and a 95% confi-

dence level. The inference key given by Templeton (2004)

was then used to infer the probable historical processes that

shaped the observed patterns of clade structure.

Population genetic analyses

For population genetic analyses, population subdivision

was first performed using program SAMOVA v.1.0 to

define groups of locations that are geographically homo-

geneous and genetically differentiated from each other

(Dupanloup et al. 2002). Parameters of within-population

diversity (hS), total gene diversity (hT), and genetic differ-

entiation (GST) at species and group levels, as well as those

of population subdivision for phylogenetically ordered

alleles (NST), and the fixation index (FST) were then esti-

mated. These parameters were calculated using the pro-

grams HAPLONST and PERMUT, which were available at

WWW.pierroton.inra.fr/genetics/labo/Software/index.html.

Analysis of genetic structure was performed using AMOVA

to estimate differentiation within and among populations

and among the subdivisions which had been detected. These

analyses were performed using the program ARLEQUIN

v.3.01 (Excoffier et al. 2005), with significance tests by

10,000 permutations. To evaluate the relative historical

influences of gene flow and drift on regional population

structure, the Mantel test with 10,000 random permutations

was performed using the program TFPGA v. 1.3 (Miller

1997). Pairwise population differentiation statistics (FST)

and the fixation index (FST) were calculated using DNASP

4.0 (Rozas et al. 2003), and the logarithm of geographical

distance was calculated using GEODIS 2.5 (Posada et al.

2000). A correlation coefficient describing the relationship

between the two matrices was calculated, to determine the

significance of genetic differentiation by distance.

Demographic analyses

Tajima’s D (Tajima 1989) and Fu’s FS (Fu 1997) statistics

were calculated using ARLEQUIN to test for evidence of

range expansion (Hurtado et al. 2004; Jaeger et al. 2005;

Smith and Farrell 2005). These parameters are highly

sensitive to departures from population equilibrium. A

significant value for D may be due to factors such as

population expansion or bottlenecks (Aris-Brosou and

Excoffier 1996; Tajima 1996), and a significantly large

negative value for FS may be due to population expansion

(Fu 1997). Mismatch distribution analysis was also calcu-

lated using ARLEQUIN with 1000 parametric bootstrap

replicates. A significant sum of squared differences (SSD;
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P B 0.05) and a unimodal distribution of pairwise differ-

ences were taken as evidence for departure from a model of

population expansion (Schneider and Excoffier 1999).

Demographic analyses were performed for the clades and

the region in which contiguous range expansion had been

detected by the nested clade phylogeographic analysis. If

the sudden expansion model was not rejected, the corre-

sponding value s was used to infer the expansion time

scale. We used the relationship s = 2ut (Rogers and Har-

pending 1992) to estimate the expansion time (t), where

u is the mutation rate per generation for the whole analyzed

sequence. The value of u was calculated as u = 2lkg,

where l is the substitution rate per nucleotide site per year,

k is the average sequence length of the analyzed DNA

region, and g is the generation time in years. According to

our initial observations, we assumed the generation time of

this desert species to be 3 years.

Divergence time estimate

Using PAUP*, version 4.0b10 (Swofford 2002), we first

performed a likelihood ratio test of the hypothesis of equal

substitution rates for the cpDNA sequences (Posada and

Crandall 1998), which led to acceptance of the molecular

clock hypothesis (P [ 0.01). We used Bayesian analysis to

estimate divergence time between the two lineages with the

software BEAST (Drummond et al. 2002; Drummond and

Rambaut 2007), based on substitution rates of the chloro-

plast sequence recovered for most angiosperm species

(l = 1.0–3.0 9 10-9 substitutions per site per year; Wolfe

et al. 1987). Following a burn-in of 500,000 steps, all

parameters were sampled once every 100 steps from

5,000,000 MCMC steps. Using the software Tracer

(Drummond and Rambaut 2007), we checked convergence

of the stationary distribution by visual inspection of plotted

posterior estimates, and the effective sample size for each

parameter sampled was found to exceed 200.

Results

Sequence analysis

The cpDNA region trnH-psbA is acknowledged as one of

the most variable intergenic spacers, however, we could

not obtain the middle portion because of a large A/T

polymorphism, and the same situation occurred in trnL-

trnF; therefore we discarded these regions. ycf6-psbM,

trnQ-rps16, rpl32-trnL, and ndhF-rpl32, were difficult to

amplify and so they were discarded as well. At last, we

chose the two regions trnD-trnT and rps16-trnK for this

study. After the sequences were aligned, the length of the

rps16-trnK region was 640 bp, and the trnD-trnT region

1107 bp. For both sequences combined, 18 substitutions

were detected, at positions 11, 127, 297, 383, 441, 465,

605, 606, 685, 686, 698, 813, 838, 861, 1162, 1597, 1604,

and 1706. Also, there were 21 indels, which occurred at

positions 15–16, 120–126, 129–140, 213, 397–399, 624,

645–651, 659, 667–670, 683, 685, 701–705, 707, 860, 926,

989–996, 1362–1381, 1413–1414, 1417–1433, 1533, and

1743. In all, a total of 12 haplotypes (A–L) were identified

(Table 1). GenBank accession numbers of the cpDNA

sequences are JN315829–JN315848, JN381194.

Phylogenetic analysis

The best nucleotide substitution model selected by AIC

was TVM?I. Two phylogenetic analyses by MP and ML

methods produced a consistent topology (Fig. 1). The 12

haplotypes of H. songaricum clustered into a monophyletic

group, and two highly supported clades (clade I, II) were

identified. Clade I included six haplotypes (A–F) distrib-

uted in the Yili Valley with a ‘star-like’ phylogeny. Clade

II consisted of six haplotypes (G–L) from the western

Ordos populations of the species.

Interestingly, the results from the MP and ML were

congruent with the nested haplotype network (this will be

shown in the following section).

Haplotype geographical distribution and relationships

Haplotype geographical distribution and frequencies in

each of the populations are presented in Fig. 2 and Table 2.

With regard to the Yili Valley in Xinjiang, six populations

had one haplotype [Kebo (A), Junmachang (A), Kalabula

(A), Zhongyangchang (A), Heishantou (A), Baishidun

(A)], one population had two haplotypes [Longkou (A, D)],

and two populations had three haplotypes [Kekesu (A, B,

C), Bole (A, E, F)]. In the western Ordos Plateau, except

for Qianligou which had three haplotypes (G, K, L), all the

other populations had two [Kabuqi (G, H), Qipanjing (G,

I), Hainan (G, J), Mengxi (G, K), Qianlishan (G, K)]. Thus,

haplotype A was shared by all the populations in the Yili

Valley, and haplotype G was shared by all the populations

in the western Ordos Plateau. No haplotypes were shared

between the two regions.

The network, constructed using parsimony analysis,

indicated phylogeny among the haplotypes. As shown in

Fig. 3, haplotype D was connected to A by five hypothetical

haplotypes, haplotypes C, E, and F were each connected to

A by one substitution, and haplotype B was connected to A

through one hypothetical haplotype. Haplotype J was con-

nected to G by two hypothetical haplotypes, and haplotype

H and I were each connected to G by one substitution.

Haplotype L was connected to K by one substitution, which

in turn was connected to G by one substitution.
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Nested clade phylogeographic analysis

After converting the statistical parsimony network into a

hierarchically nested design, we obtained eight 1-step, four

2-step, and two 3-step clades (Fig. 3). Two clades, for

which the null hypothesis of no geographic structuring of

haplotypes could not be rejected, were identified by nested

clade phylogeographic analysis. As shown by the nested

clade phylogeographic analysis results in Table 3 and

Fig. 3, the relationship between clades and geographical

distribution was significant in H. songaricum. Haplotypes

included in clade 3-1 were all from the western Ordos

Plateau, while haplotypes in clade 3-2 were all from the

Yili Valley. There are 95 hypothetical haplotypes between

the two clades. Contiguous range expansion was detected

within clade 1-4. Clade 1-4 included haplotype A, which

was spread across the Yili Valley, and also haplotypes E

and F, found only in Bole, located in the northern part of

the valley, and haplotype C, only fixed in Kekesu.

Restricted gene flow, with isolation by distance (restricted

dispersal by distance in non-sexual species), was detected

in clade 2-1. Clade 2-1 contained haplotypes H–L; haplo-

type G was shared by all populations in the western Ordos

Plateau. The frequency of haplotypes H, I, and J was low;

these three only appeared in the populations Kabuqi,

Hannan, and Qipanjing, all located in the south of the

Plateau. In the northern populations (Mengxi, Qianlishan,

and Qianligou), haplotype K appeared at high frequency,

and haplotype L was also distinct from those observed in

the south of the Plateau. Allopatric fragmentation was

diagnosed over the total cladogram.

Genetic diversity and genetic structure

SAMOVA results revealed the presence of two groups of

populations with a UCT value of 0.9940 (P \ 0.001), a USC

value of 0.3100 (P \ 0.001), and a UST value of 0.9959

(P \ 0.001). The groups were as follows: populations 1–9

.

Helianthemum nummularium

Crocanthemum canadense

D
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lade II
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utgroups

100/100

81/66

99/100

A

E

F

B

C

G

H

I

J

K

L

Fig. 1 Phylogenetic

relationships of 12 haplotypes in

H. songaricum. Support values

(maximum parsimony

bootstrap/maximum likelihood

bootstrap) greater than 50% are

shown at nodes
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belonging to the Yili Valley, and populations 10–15

belonging to the western Ordos Plateau. Because most

variation was found between the two groups, and because

significant relationships were found in each of the geo-

graphic regions and nested clades (clade 3-1, clade 3-2),

the large-scale structure of genetic variation as indicated by

SAMOVA was very similar to that revealed by nested

clade analysis.

Differentiation among populations was high (GST =

0.663, SE 0.0654), indicating population structure in

H. songaricum. Within-population gene diversity (hS) was

0.219 (SE 0.0575), and total gene diversity (hT) was 0.651

(SE 0.0869). NST was 0.905 (SE 0.0394), significantly

higher than GST as shown by the U-test (U = 4.56,

P \ 0.01), indicating phylogeographical structure. The

parameter VS was 0.063 (SE 0.0270), and VT was 0.661 (SE

0.0835), almost identical to hS and hT. Genetic differenti-

ation within the two regions, the Yili Valley (GST = 0.100,

hS = 0.145, hT = 0.162; NST = 0.181, VS = 0.119, VT =

0.145) and western Ordos Plateau (GST = 0.418,

hS = 0.330, hT = 0.566; NST = 0.461, VS = 0.308,

VT = 0.570) was similarly low in both. AMOVA results

showed that most of the total variation (99.23%,

P \ 0.001) was explained by differences among popula-

tions, and the fixation index FST was 0.9923. When pop-

ulations were grouped according to geographical region,

AMOVA results showed that 99.41% (P \ 0.001) of the

total variation occurred between the two regions. Consid-

ering the two regions separately, 46% of the total variation

occurred among populations in the western Ordos Plateau,

and 17.88% in the Yili Valley (Table 4).

Correlation between genetic and geographical distances

The scatterplot for all regions (Fig. 4) shows a significant

positive linear relationship between log-transformed

Fig. 2 The geographical distribution of H. songaricum in China. Population numbers correspond to those in Table 2; haplotypes to those in

Table 1

Fig. 3 Nested cladogram of the

12 cpDNA haplotypes found in

H. songaricum. A–L: sampled

haplotypes. Blank dot:
hypothetical haplotypes. The

number of individuals is given

in parentheses
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pairwise linearised FST values and the logarithm of the

geographical distance between populations (r2 = 0.877,

P \ 0.0001), indicating that populations become less

genetically similar as the geographical distance between

them increases.

Demographic analyses

Demographic analyses showed evidence for range expan-

sions in the clade 1-4 and the Yili Valley. For the clade 1-4,

the value for Fu’s FS was significantly negative (Table 5),

and for the whole Yili Valley, the negative values for

Tajima’s D and Fu’s FS were both significant. The mis-

match analyses indicated that the distribution of pairwise

differences was unimodal for both clade 1-4 and the whole

Yili Valley (Fig. 5).

The time of this expansion event was estimated to be

50–140 kya, based on the cpDNA substitution rate ranges,

a haplotype sequence length of 1747 bp, and 3 years per

generation.

Divergence time estimate

Using the fast and slow substitution rates, the two intra-

specific lineages of H. songaricum were estimated to have

diverged between 0.65 (95% HPD: 0.29–1.27) and 1.94

(95% HPD: 0.86–3.84) Mya, that is, from about early-

Pleistocene to early-Middle Pleistocene, according to Shi

et al. (2005).

Discussion

Allopatric divergence between the Yili Valley

and western Ordos Plateau

Phylogenetic analyses showed that H. songaricum com-

prised two lineages, distributed respectively in the Yili

Valley and the western Ordos Plateau (Figs. 1, 2; Table 2).

Nested clade phylogeographic analysis also indicated a

similar result, that haplotypes in the Yili Valley form a

Table 2 Details of sample

locations and sample size and

haplotype frequencies in 15

populations of H. songaricum

Population Location Latitude (N) Longitude (E) Altitude (m) Haplotype

Yili Valley

1 Kebo 43�100 81�450 1246 A(10)

2 Junmachang 43�140 81�590 1318 A(10)

3 Kekesu 43�120 81�560 1166 A(8), B(1), C(1)

4 Kalabula 43�270 82�370 829 A(10)

5 Longkou 43�250 82�280 855 A(7), D(3)

6 Zhongyangchang 43�340 82�340 952 A(10)

7 Heishantou 43�350 82�280 810 A(10)

8 Baishidun 43�410 82�030 1220 A(10)

9 Bole 44�500 82�030 566 A(6), E(1), F(1)

Western Ordos

10 Kabuqi 39�350 106�550 1248 G(14), H(1)

11 Qipanjing 39�210 107�040 1328 G(14), I(1)

12 Hainan 39�270 106�590 1230 G(9), J(1)

13 Mengxi 39�480 106�530 1260 G(3), K(7)

14 Qianlishan 39�510 106�560 1359 G(2), K(4)

15 Qianligou 39�460 106�550 1450 G(2), K(7), L(1)

Table 3 Results of the nested clade phylogeographical analysis and interpretations according to the revised inference key given by Templeton

et al. (2005) for 15 populations of H. songaricum from arid northwestern China

Nested clade v2 P-value DC Dn Inference chain Inferred pattern

1-4 27.856 0.0619 43.7477*s -64.3083*s 1-2-11-12 NO Contiguous range expansion

2-1 46.6027 0.0000 13.5081*l 0.8313 1-2-3-4 NO Restricted gene flow with isolation by

distance (restricted dispersal by distance

in non-sexual species)

3-2 24.2259 0.0091 46.3925*s 826.5134*s 1-2 IO Inconclusive outcome

Total cladogram 153.0 0.0000 NO interior clades 1-19 NO Allopatric fragmentation
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monophyletic clade, 3-1, and those in the western Ordos

Plateau form a monophyletic clade, 3-2, as well. AMOVA

analysis indicated that almost all of the variance (99.41%)

occurred between the two lineages/regions, and the Mantel

test showed that correlation between the genetic and geo-

graphical distance matrices was significant (r2 = 0.877,

P \ 0.0001). All the above demonstrated significant

genetic divergence between the two regions, giving further

support to the suggestion that populations of Helianthemum

in the western Ordos Plateau should be given species rank,

as proposed by Zhao et al. (2000).

The western Ordos plateau is a part of the Alxa desert,

whose flora formed during the Tertiary (Liu 1995). The

Hexi Corridor in the eastern Junggar Basin was a passage

through which floristic elements of Central Asia diffused

into the Alxa desert, so we can infer that the species dif-

fused into the western Ordos Plateau through this passage

during the Tertiary period (Liu 1995). At about 2 Ma, the

temperature declined markedly and glaciation developed

on a large scale in the Northern Hemisphere (Williams

et al. 1993); also many mountains of the Tianshan Belt

became elevated to the height of the cryosphere by the

early-Middle Pleistocene (Shi et al. 2005). The developing

cold climate would have destroyed a part of the xerophil

flora (Liu 1995), but it appears that H. songaricum could

have survived in some valleys of the Tianshan Mountains.

Likewise, the western Ordos resides greatly inland, and

thus in spite of a high topography, it was not covered by

glaciers. As a result, it suffered relatively little damage

from the cold (Liu 1995), and is therefore another habitat in

which this species would have survived during the climatic

extremes. The northwest region of China had already

begun aridification by early Pleistocene; desert and gobi

terrain further expanded and dry climate continued to

develop during the middle Pleistocene (Williams et al.

1993). The worsening of the dry, cold climate restricted the

distribution range, and acceptable habitats for the species
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Fig. 4 The figure shows a significant relationship between geo-

graphic and genetic distance (r2 = 0.877, P \ 0.0001)

Table 4 Results of the analysis

of molecular variance for 15

populations of H. songaricum
grouped in two geographical

regions (the Yili Valley and

western Ordos Plateau) based

on cpDNA sequence data

* P \ 0.001

Source of variation d.f. Sum of

squares

Variance

components

Percentage of

variation (%)

Among populations 14 3633.860 25.34671 99.23*

Within populations

(1, 2, 3, 4, 5, 6, 7, 8, 9) vs. (10, 11, 12, 13, 14, 15)

139 20.250 0.14568 0.77*

Among groups 1 3623.807 48.03196 99.41*

Among populations within groups 13 10.053 0.06168 0.18*

Within populations 139 20.250 0.14568 0.41*

Among (western Ordos) populations 5 8.939 0.14909 46.00*

Within populations 60 10.500 0.17500 54.00*

Among (Yili) populations 8 2.709 0.01658 17.88*

Within populations 79 13.950 0.17658 82.12*

Table 5 Results of neutrality tests and mismatch distribution analysis for clade 1-4 and all samples in the Yili Valley

Group s SSD (P value) Hrag (P value) Fu’s Fs (P value) Tajiam’s D (P value)

Clade 1-4 3.00 0.0000 (0.30) 0.7438 (0.72) -5.3461 (0.000) 0.00 (1.000)

Yili Valley 3.00 0.0069 (0.12) 0.6241 (0.80) -2.5967 (0.057) -1.0436 (0.042)

s time in number of generations elapsed since the sudden expansion episode, Hrag the Harpending’s Raggedness index, SSD sum of squared

deviations
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gradually became reduced and isolated. In addition, the

species has a low rate of seed production, and germination

is low as well because of a hard testa and poor water

translocation (Cao et al. 2000), so that dispersability is very

poor. In addition, due to the long distance between the

western Ordos Plateau and the Yili Valley (about

2000 km), gene flow between the two regions was inter-

rupted easily. Divergence time was estimated at about

0.65–1.94 Mya (from early-Pleistocene to early-Middle

Pleistocene), also consistent with the period during which

the climate became colder and dryer in the northwest zone.

The difference of climate between the two regions is

large. The climate in the Tianshan Mountains is peculiar;

mountains surround the Yili Valley on the north, east, and

south, so that the shape of the valley resembles a bugle

with the peristome towards the west, in contact with

Central Asia. In the Yili Valley, it is droughty in summer,

but wet in the spring and winter, similar to the ancient

Tethys climate (Institute of Botany, Chinese Academy of

Sciences 1978). This region has been described as a wet

island in an arid zone (Shi et al. 2005). In contrast, the

climate in the western Ordos Plateau is typically dry

(Walker 1974). Populations of the species have been

exposed to these geographically separated and distinct

climates for a lengthy period of time, resulting in the

potential for genetic divergence between the two regions.

Regional expansion in the Yili Valley

Contiguous range expansion was detected within clade 1-4

by nested clade analysis. Whenever large-scale range

expansion occurs, it usually causes two distinct genetic

signatures: wide distribution of a single genotype, and a

star-phylogeny pattern (a dominant haplotype with multi-

ple rare alleles) (Comes and Kadereit 1998; Hewitt 2000).

The distribution of genetic variation in the Yili Valley was

consistent with these expected signatures. We found that

haplotype A was widespread across every sampled loca-

tion, and rare haplotypes such as B, C, D, E, F, were

limited to random single population of the valley. Genetic

diversity and differentiation within the Yili Valley

(hS = 0.145, hT = 0.162; GST = 0.100, NST = 0.181)

were very low, and the amount of total variation occurring

among populations was also small (17.88%). Both of these

illustrate the inconspicuous genetic structure of populations

in this region. This signature of low genetic diversity is in

agreement with the leading-edge model: colonization

results in loss of diversity in the colonized regions (Comes

and Kadereit 1998). Such an expansion is also supported by

strongly negative Fu’s FS-values, Tajima’s D-values, and

unimodal mismatch distributions (Fig. 5).

Climate oscillation since the late Quaternary is usually

considered an important factor influencing the current

geographical distribution and genetic structure of plants

(Hewitt 2004). There was a great deal of glaciation in the

Tianshan Mountains, and the extent of glacial area varied

in response to the alternation of ice ages and interglacials

(Shi et al. 2005). As mentioned, the time of the expansion

event in H. songaricum was estimated at 50–140 kya,

largely consistent with the last interglacial period

(75–130 kya). During the last interglacial period, the cli-

mate in the Tianshan Mountains was warmer and wetter

than that during the penultimate glacial period, and with

the increase of temperature, glaciers retreated continuously

(Shi et al. 2005). The changing climate and glacial area

caused corresponding range shifts of the populations. Cold

and dry climate would have reduced the distribution area

and damaged some individuals during the glacial period,

but once environmental condition became more suitable for

survival, that is, warmer and wetter, the species would have

thrived and expanded outwards. So we speculate that

wetness associated with increasing temperature after the

penultimate glacial period resulted in expansion and con-

sequently reduced the level of genetic diversity among
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Fig. 5 Mismatch distribution analysis for cpDNA data for all

samples in the clade 1-4 ((a) SSD = 0.0000, P = 0.30) and for all

samples in the Yili Valley ((b) SSD = 0.0069, P = 0.12)
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populations in the valley (Hewitt 1996). Similar patterns of

genetic variation have been reported in species in Europe,

North America, and north-east Asian (Broyles 1998; He-

witt 2000; Aizawa et al. 2009).

Compared with the Yili Valley, there was more genetic

structure in the populations in the west Ordos Plateau.

Restricted gene flow with isolation by distance was

detected for clade 2-1. It included individuals of six pop-

ulations, all from the western Ordos Plateau. In addition,

the genetic diversity and differentiation within the western

Ordos Plateau (hS = 0.330, hT = 0.566; GST = 0.418,

NST = 0.461) were both higher than that within the Yili

Valley (hS = 0.145, hT = 0.162; GST = 0.100, NST =

0.181). This greater genetic structure might have been

mainly caused by the seriously fragmented habitat of the

species, due to the further development of dry climate in

the Quaternary (Liu 1995), as well as the poor dispers-

ability already discussed above.

Implications of conservation

Genetic drift and inbreeding are the most important genetic

factors pushing species with small population sizes and

fragmented distribution patterns into ‘‘extinction vortices’’

(Lande 1998). The fixation index FST can be used as a sus-

ceptive index of a population to the deleterious effects of

drift load (Keller and Waller 2002), and the parameter of

within-population diversity (HS), on the other hand, more

likely relates to the deleterious effect of inbreeding load

(Jaquiéry et al. 2009); a high FST value signifies high drift

load, whereas a low HS value signifies high inbreeding load

(Jaquiéry et al. 2009). For H. songaricum, the pattern over

the total cladogram inferred by nested clade analysis was

allopatric fragmentation, and the drift load and inbreeding

load of Helianthemum were both high (FST = 0.9923,

HS = 0.219), indicating a significant extinction risk.

Therefore, protective measures should be taken immedi-

ately. Besides the parameters FST and HS, GST is another

frequently used parameter employed to estimate the pro-

portion of genetic diversity residing among populations. The

higher the GST value, the lower the level of inter-population

gene flow, which therefore may suggests a risk of genetic

drift and/or inbreeding (Caujapé-Castells 2010). In H. son-

garicum, differentiation among populations across the

whole distribution range (GST = 0.663) was high, and in

addition, restricted gene flow with isolation by distance was

detected among the populations in the western Ordos Plateau

(GST = 0.418), also indicating a need for protection.

Conservation management decisions should be made to

relieve both drift load and inbreeding load. First, the two

regional units should be highly important to protect.

Although a nature reserves has been set up near Wuhai

city, Inner Mongolia, for H. songaricum and other rare and

endangered plants, such nature reserves should likewise be

set up in Xinjiang as well. Second, efforts for recovery

should be implemented at the scale of population. Actions

such as transplantation of seedlings in natural habitats and/

or ex-situ conservation should be taken in order to create

augmented space for genetic exchange and recombination.

In addition, rare haplotypes in a few populations of each

region should be considered, although for most popula-

tions, conservation of a few individuals is enough for

preservation of cpDNA diversity.

In conclusion, physiological features and climate change

that increased deterioration of the dry and cold climate

during early Quaternary climate oscillations may have had

fundamental influences on the evolution of this species.

Investigations on the genetic structure of plant species in

arid northwestern China have been few, and so phylogeo-

graphical studies of additional endemic taxa are now

required, to obtain a better understanding of factors that

have influenced the evolutionary history of species in this

region.
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