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Abstract In order to investigate the genetic diversity and

influence of climate oscillations on evolutionary processes

of organisms in Northwest China, we selected Hexinia

polydichotoma, a species endemic to China, and examined

the phylogeographic structure and historical factors that

influenced the evolutionary history of this species in its

entire cover range, Tarim Basin and adjacent areas. In the

study, 17 haplotypes were identified in H. polydichotoma

on the basis of two chloroplast DNA sequences (trnH–

psbA and ycf6–psbM). Shown in the network, the two

common haplotypes, A and D, respectively, mainly dis-

tribute along the northern and southern rims of the basin.

The analyses of molecular variance analysis suggest that

genetic variation primarily occurs among populations, and

all populations were subdivided into five groups by

SAMOVA. Geographic range expansion along the southern

and northern rims of the basin was supported by the sig-

nificant value for Tajima’s D and by the unimodal mis-

match distribution. It is possible that during the interglacial

period of the middle Pleistocene, a large amount of snow

and glacial ice melted from the mountains surrounding

Tarim Basin. This increased water, the expanding desert, and

the dispersal ability of H. polydichotoma were important

factors driving not only geographic range expansion, but also

the current phylogeographic structure of this species. It is

possible that during the middle Pleistocene, the climatic

fluctuations resulted in expansion and contraction cycles of

river systems and oases, and may consequently have caused

population fragmentation.

Keywords Hexinia polydichotoma � Phylogeography �
Long-distance colonization � Habitat fragmentation

Introduction

Climate oscillations during the Quaternary had a profound

impact on the genetic diversity and distribution of plants in

the Northern Hemisphere (Hewitt 2000), and in order to

understand the impact of these climate shifts, researchers

have investigated the phylogeographic history of groups of

plants (Hewitt 2004; Taberlet et al. 1998; Soltis et al. 2006).

Much research on climatic changes during the Quaternary

has focused on the effects of the movement of glaciers on

the genetic constitution of groups of plants (Broyles 1998;

Wu et al. 2010); however, even if glaciers did not cover an

area, such as in northern China, climate shifts may also have

had a large impact on the phylogeographic history of spe-

cies. For example, climatic oscillation is one of the main

factors that has molded the current distribution and biodi-

versity of Lagochilus ilicifolius (Meng and Zhang 2011).

One region of particular interest for investigating the effect

of climatic changes on organisms is Tarim Basin, the largest

inland basin in Northwest China, and its adjacent areas, and
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this area was not glaciated during the Quaternary (Li 1998).

Currently, with the exception of some animal phylogeo-

graphical studies (Wu et al. 2011; Zhang et al. 2010), our

understanding of the phylogeographic history of this region

is poor. Did climatic changes during the Quaternary impact

the genetic diversity and distribution of species in this

region, and if so, are the patterns congruent with those

identified in previous studies or are different patterns

identified? In order to understand the pattern and extent of

this impact, we studied the phylogeographic history of the

plant species Hexinia polydichotoma (Ostenf.) H.L. Yang

(Asteraceae) in Tarim Basin and adjacent areas.

Tarim Basin is bordered to the north by the Tien Shan

Mountains, to the south by the Kunlun and Altun Mountains,

to the west by the Pamir Plateau, and to the east, it is con-

nected to the Hexi Corridor. Tarim Basin covers approxi-

mately 530,000 km2, stretching 1,400 km from east to west,

and 520 km from north to south (Liu and Qin 2005). The

basin includes the world’s second largest shifting-sand

desert, Taklimakan Desert, which occupies nearly 60 % of

the entire basin (Liu and Qin 2005). Glaciers have developed

on many of the peaks of the mountains surrounding the basin,

and these glaciers play an important role in the ecology of the

basin. This is due to the fact that Tarim Basin is an endorheic

basin (a closed drainage basin), so melting snow and glacial

ice feed the rivers. Given the amount of runoff and

groundwater, oases can persist in alluvial-diluvial plains,

river deltas, and the edges of alluvial-diluvial fans. This

results in a green ring around the rim of the basin (Liu and

Qin 2005). Most water in the basin originated from the snow

and ice melt in the spring but not via rainfall in the summer;

thus, the water volume in the basin changes seasonally. In

fact, at the edge of the desert and in riparian areas, oases

seasonally fragment (Liu and Qin 2005).

The hot and dry climate of the basin developed in the late

Cretaceous, prior to the basin becoming endorheic (Liu and

Qin 2005; Mu 1994). The arid environment was exacer-

bated during the late Tertiary, when the uplift of the Tibetan

Plateau altered the atmospheric circulation in the basin

(Zheng et al. 2003; Sun et al. 2008). Evidence of the eo-

lianite suggests that the Taklimakan Desert and the adjacent

oases initially formed during the middle Pleistocene (Mu

1994), and the rudimentary hydrographic net dates back to

the late Miocene (Liu and Qin 2005). During the glacial–

interglacial cycles, a serial effect occurred: as the temper-

ature of the basin rose or dropped, the water volume of the

river increased or decreased, respectively. This resulted in

shifts in the size of the desert and oases (Zhang et al. 2003).

For the present study, H. polydichotoma was investigated

in a phylogeographic context. Hexinia is a monotypic genus

endemic to China (Ling and Shi 1997; Zhao and Zhu 2003).

It belongs to Lactucinae Less. in Cichorieae (Ling and Shi

1997), and preliminarily data suggest that it is derived from

Chondrilla, a genus of Lactucinae Less. in Cichorieae of

Asteraceae of the xerophilic Tethys flora (Ling and Shi

1997; Yang 1992). H. polydichotoma is a perennial and

drought-tolerant herb, and grows in the gullies of the Gobi

desert and areas surrounding the Taklimakan Desert

(Fig. 1). Given its restricted distribution to Tarim Basin and

adjacent areas, H. polydichotoma is a useful species to

address phylogeographic patterns in the area.

As a consequence, on the basis of 249 individuals

belonging to 16 populations of H. polydichotoma, which

were collected across the entire range of the species, we

chose two chloroplast DNA (cpDNA) spacers (psbA–trnH,

ycf6–psbM) to sequence in order to conduct a phylogeo-

graphic study. In plants, cpDNA is thought to evolve

slowly, with low recombination and mutation rates (Li and

Fu 1997; Comes and Kadereit 1998). Without the con-

founding effect of biparental inheritance, the maternally

inherited cpDNA lineages in natural populations can often

better trace the evolutionary history of the species and

display distinct geographic distributions (Avise 2000). A

series of non-coding regions of cpDNA have been used

successfully in phylogeographic studies (Wu et al. 2010;

Sosa et al. 2009), and evidence also suggests that cpDNA

sequence lineages are effective in revealing postglacial

expansion patterns in plants (Guo et al. 2010; Vidal-Russell

et al. 2011). The main objectives of the present study are to

determine (1) the hierarchical structure of genetic varia-

tion, and (2) the manner in which Quaternary climate

oscillations shaped the phylogeographic and genetic

structure of the study species.

Materials and methods

Sampling

A total of 249 individuals from 16 populations of H. po-

lydichotoma were included in the present study. This

sampling covers the entire geographic range of the species,

which includes Tarim Basin as well as its adjacent areas,

Turpan Basin and Hexi corridor. Of the sampled popula-

tions, 13 are from Tarim Basin, one is from Turpan Basin,

and 2 are from the Hexi Corridor. In each population,

10–20 individuals were collected, and from each, fresh

stems and leaves were gathered and dried in silica gel. We

selected two closely related species of Chondrilla,

Chondrilla brevirostris and Chondrilla ambigua, as the

outgroups of the phylogenic study.

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from silica-gel-dried

leaf tissue using a modified 29 CTAB method (Rogers and
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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), and the ycf6–

psbM spacer was amplified and sequenced using the

primers and protocols of Demesure et al. (1995). Ampli-

fication products were purified using the PCR product

purification kit (Shanghai SBS, Biotech Ltd., China), fol-

lowing protocols provided by the manufacturer. The for-

ward and reverse primers of the amplification reactions

were employed in the sequencing reactions, which were

conducted with the DYEnamic ET Terminator Kit

(Amersham Pharmacia Biotech). Sequencing occurred at

the Shanghai Sangon Biological Engineering Technology

& Services Co., Ltd. (Shanghai, China), with the use of an

ABI-PRISM 3730 automatic DNA analyzer. Electrophero-

grams were edited and assembled using SEQUENCHER

4.1 (Gene Codes, Ann Arbor, MI, USA). Sequences were

aligned with CLUSTAL W (Thompson et al. 1994) and

refined by visual inspection.

Molecular variability and demographic analysis

To test the spatial genetic structure of cpDNA haplotypes,

spatial analysis of molecular variance was performed using

program SAMOVA v.1.0 (Dupanloup et al. 2002) in order

to define groups of populations (K) that are geographically

homogeneous and genetically differentiated from each

other. The analysis was run for K = 2–15, starting from 100

random initial conditions for each run. Finally, the number

of groups that maximizes the proportion of total genetic

variance because of differences among groups of popula-

tions (FCT) was retained as the best grouping of populations.

HAPLONST (http://www.pierroton.inra.fr/genetics/

labo/Software/index.html) was used to estimate within-

population diversity (hS) and total gene diversity (hT).

Based on pairwise differences of the sequences, analyses of

molecular variance (AMOVA) were employed to study the

genetic structure of the species (Excoffier et al. 1992). 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 (Fu 1997; Aris-Brosou and

Excoffier 1996; Tajima 1996). In order to investigate, in

another manner, hypotheses of demographic history, the

mismatch distribution (MDA) also was calculated. 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 multimodal distribution usually suggests that populations

are at demographic equilibrium, while a unimodal distri-

bution indicates that populations have experienced a recent

expansion. All expansion tests were implemented in AR-

LEQUIN v.3.01 (Excoffier et al. 2005), and in order to test

for significance, 10,000 permutations were performed. 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 gen-

eration for the whole analyzed sequence. The value of

u was calculated as u = 2 lkg, where l is the substitution

rate per nucleotide site per year (s/s/y), k is the average

sequence length of the analyzed DNA region, and g is the

generation time in years. The nucleotide substitution rate of

H. polydichotoma had not been estimated; therefore, we

used a range for the estimated rate of nucleotide substitu-

tion (Wolfe et al. 1987), with 1.0 9 10-9 s/s/y as the lower

limit and 3.0 9 10-9 s/s/y as the upper limit. Because

Fig. 1 Geographical

distribution of Hexinia
polydichotoma in China.

Population numbers correspond

to those in Table 2; haplotypes

to those in Table 1. Groups (1)

and (5) are also shown in the

figure
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plants of H. polydichotoma are annuals, the generation time

for this desert species is one year.

Phylogenetic and phylogeographic analysis

Phylogenetic relationships of the cpDNA haplotypes were

investigated with the use of maximum parsimony (MP), as

implemented in PAUP* version 4.0b10 (Swofford 2002),

and Bayesian inference (BI), as implemented in MrBayes

v. 3.0 (Huelsenbeck and Ronquist 2001; Ronquist and

Huelsenbeck 2003). For MP analyses, the following search

strategy was conducted: 100 random additions of sequen-

ces, with the tree-bisection–reconnection (TBR) branch

swapping, and MULTREES, COLLAPSE, and STEEPEST

DESCENT options switched on. Characters were weighted

equally, and states were treated as unordered. In the MP

and BI analysis, each indel was treated as a single mutation

event and coded as a substitution (Simmons and Ochote-

rena 2000). Support values were calculated using 1,000

bootstrap replicates.

We used Modeltest 3.7 to determine the appropriate

nucleotide substitution model (Posada and Crandall 1998)

to use in BI analyses. For BI analyses, 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.

This percentage was determined via observation of the log-

likelihood plots. A 50 % majority rule consensus tree was

constructed, and posterior probabilities of nodes were

recorded. Using the median-joining method, implemented

in the Network 4600 program (Bandelt et al. 1999), gene-

alogical relationships among all haplotypes were estimated.

Results

Sequence analysis

The aligned sequence length for the trnH–psbA spacer is 530

base pairs (bp) and for the ycf6–psbM spacer is 600 bp. A

total of 19 informative characters were found in the aligned

sequence data: 12 nucleotide substitutions (positions 33, 56,

81, 110, 336, 363, 370, 443, 513, 876–879, 966, and 984) and

seven indels (positions 65, 172–180, 222–231, 382–384,

385, 386–395, and 799–804). Of the 249 sampled individ-

uals from 16 populations, a total of 17 haplotypes (A–Q)

were identified (Table 1). GenBank accession numbers of

the cpDNA sequences are JX183915-JX183936.

Phylogenetic analysis

The best nucleotide substitution model selected by AIC

was HKY ? G. The MP and BI phylogenetic analyses

Table 1 Seventeen haplotypes of Hexinia polydichotoma recognized on basis of two chloroplast DNA sequences, trnH–psbA and ycf6–psbM

Haplotype Sequence position

33 56 65 81 110 172 222 336 363 370 382 385 386 443 513 799 876 966 984

A T A A T G w – A C A – – – A C – . A T

B T A – T G w – A C A – – – A C – . A T

C T A A T C w – A C A – – – A C – . A T

D T A A T G w – A C A – – – A C – 5 A T

E T A A T G w – A C A – – – A T – 5 A T

F G A A T G w – C C A – – – A C – . A T

G T A A T G – – A C A – – – A C – 5 A T

H T A A T G w – A C A – – – A C – 5 A G

I T A A T G w – A C A – C 4 A C – 5 A T

J T G A T G w – A C C – – – A C – 5 G T

K T G A T G w – A C C – – – A C – . G T

L T A A G G w e A C A – – – A C – 5 A T

M T A A T G w e A C A – – – A C – 5 A T

N T A A T G w – A C A – – – C C – . A T

O T A A T G w – A C A u T 4 A C h 5 A T

P T A A T G w – A C A – – – A C – 5 A T

Q T A A T G w – A T A – – – A C – 5 A T

w, AAATAACAA; e, TATAAATTTG; u, TTA; 4, TTATTACTTT; h, GCTAAT; ., TTTC; 5, GAAA
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produced the same consensus tree (Fig. 2). In this tree,

Hexinia is resolved as monophyletic, and this relationship

is well supported (100 % bootstrap support and 1.00 pos-

terior probabilities). Haplotype E is sister to the rest of the

haplotypes of Hexinia. Most of the phylogeny is not well

supported, but one clade received bootstrap values[50 %.

This is the clade that include A, B, C, F, K, and N. Hap-

lotypes A, B, C, and N have a greater number of mutations

than the other haplotypes (Fig. 2).

Haplotype geographical distribution and relationships

The geographic distribution of haplotypes, along with the

frequency of haplotypes in each population, is presented in

both Fig. 1 and Table 2. In the network, haplotypes A and

D are more widespread than the other haplotypes. Haplo-

type A is widespread along the western rim of the basin,

northern rim of the basin, and Hexi Corridor. In contrast,

haplotype D is widespread along the western and southern

rims of the basin. Most of the individuals of haplotype A,

together with that of haplotypes F, K, and J, are distributed

along the northern edge of the basin, and most individuals

of haplotype D, along with that of haplotypes I, G, Q, M,

and L, are distributed across the southern edge of the basin.

The western rim of the basin houses a small number of

individuals of haplotypes A and D together with haplotypes

N, H, E, and O.

The structure of the network demonstrates that some

haplotypes may have direct or more distant relationships

with others. For example, haplotypes B, C, and N are

connected to haplotype A by one substitution, while others

are connected to it by more steps. Indeed, haplotype K is

connected to A by three mutations, haplotype J is con-

nected to K via four mutations, and haplotype F is con-

nected to A by two mutations. Haplotypes E, H, and Q all

connect to haplotype D by one step, while others, such as

G, L, M, and P, are connected to D by a greater number of

steps. Haplotypes J and A are both connected to D via three

and four mutations, respectively, resulting in a ring struc-

ture among haplotypes A, K, J, and D.

Genetic diversity and genetic structure

Spatial genetic analysis of cpDNA haplotypes using

SAMOVA indicated that FCT increased to a maximal value

of 0.6006 when K (the number of groups) was raised from

K = 2 to K = 5. The grouping pattern of populations

corresponding to K = 5 is: (1) populations 1, 3–7, and 16,

belonging to the northern rim of Tarim Basin and the Hexi

Corridor; (2) population 2, belonging to the Hexi Corridor;

(3) population 8, belonging to the western rim of the basin;

(4) population 9, belonging to the western rim of the basin;

and (5) populations 10–15, belonging to the southern rim of

the basin. Within-population gene diversity (hS) was 0.266

(SE 0.0817), and total gene diversity (hT) was 0.739 (SE

0.0544). The AMOVA results provide evidence that

51.72 % (P \ 0.001) of the total variation can be explained

by differences among populations, and 48.28 % (P \
0.001) of the total variation occurs within the populations.

When populations were grouped according to geographical

region, AMOVA results demonstrated that 60.06 %

(P \ 0.001) of the total variation occurred among the

groups and only 0.03 % occurred among populations

within groups (Table 3).

Demographic analyses

Significant results of Tajima’s D, along with unimodal

distributions for the shapes of the mismatch distribution,

suggest range expansions along the northern and southern

rims of the basin (Fig. 4; Table 4). Based on the range of

the cpDNA substitution rate, a haplotype sequence length

of 1,130 bp, and 1-year generation time, the time of the

geographic range expansion of H. polydichotoma is esti-

mated to have occurred between 0.22 and 0.66 million

years ago (Mya).

Fig. 2 Phylogenetic relationships of 17 haplotypes Hexinia polydi-
chotoma and related species. Numbers above/below branches are

support values (maximum parsimony bootstrap values [50 %/

posterior probabilities [0.90)
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Discussion

Genetic diversity and genetic structure

of H. polydichotoma

In Hexinia, there is low genetic differentiation among

within-group populations, which suggests an absence of

reproductive isolation among populations within groups of

the study species. Two factors help explain the lack of clear

genetic structure among populations within groups. First,

the fruits of H. polydichotoma are abundant, small, and

light; consequently, they can be dispersed far from the

mother plant. This long dispersal distance will lead to

limited genetic structure among populations (Palmé et al.

2003; Jones et al. 2006). Second, the terrain along the rim

of the basin tends to be flat; therefore, unobstructed gene

exchange may occur among populations. Despite these

reasons for low genetic differentiation among particular

groups of population, there is moderately high genetic

differentiation among the five identified groups of Hexinia

Table 2 Details of sample

locations, sample size, and

haplotype frequencies for 16

populations of Hexinia
polydichotoma

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

1 Jinta 39�580 98�550 1,242 A(13), B(2)

2 Guazhou 40�500 96�030 1,219 C(10)

3 Tuokexun 42�520 88�440 0 A(15)

4 Kuerle 41�520 85�420 918 A(15)

5 Kuche 41�440 83�430 1,060 A(16)

6 Akesu 40�440 79�550 1,063 A(15)

7 Atushi 39�440 76�120 1,295 A(10), F(1), J(2), K(2)

8 Shule 39�230 75�580 1,290 A(6), D(6), E(2), H(2) O(4)

9 Yuepuhu 39�060 77�020 1,183 A(3), D(5), N(8) O(4)

10 Yecheng 37�570 77�130 1,320 D(15)

11 Pishan 37�350 78�110 1,424 D(15)

12 Hetian 37�010 80�180 1,378 D(12), P(1), Q(2)

13 Cele 36�580 80�490 1,407 D(13), I(1), L(2), M(1)

14 Qiemo 38�080 85�340 1,333 D(14), G(1)

15 Ruoqiang 39�000 88�090 889 D(18), I(1)

16 Yuli 41�280 86�140 888 A(12)

Table 3 Results of analysis of molecular variance for 16 populations of Hexinia polydichotoma based on chloroplast DNA sequence data

Source of variation df Sum of

squares

Variance

components

Percentage of

variation (%)

Among populations 15 246.406 0.9975 51.72*

Within populations 233 216.911 0.9310 48.28*

(1, 3–7, 16) vs. (2) vs. (8, 9) vs. (10–15)

Among groups 3 231.732 1.4032 59.64*

Among populations within groups 12 14.674 0.0186 0.79

Within populations 233 216.911 0.9310 39.57*

* P \ 0.001

Table 4 Results of neutrality tests and mismatch distribution analysis for two groups

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

Populations 1, 3–7, 16 3.00 0.0065 (0.11) 0.6969 (0.78) -1.8827 (0.003) -1.6892 (0.17)

Populations 10–15 3.00 0.0151 (0.17) 0.6237 (0.66) -1.2213 (0.045) 0.045 (0.546)

One group includes populations 1, 3–7, and 16, and the other comprises populations 10–15

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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populations. Given that one of the largest groups is on the

northern edge of the basin, while the other is one the

southern edge (Fig. 1), this suggests that the vast desert

area did obstruct gene flow and affect the phylogeographic

history of the species.

Allopatric divergence

The results of the network analyses are, in general, con-

gruent with those from the phylogenetic analyses. For

example, the clade that includes haplotype A, B, C, F, J, K,

and N is present in both the network and the phylogenetic

tree. Haplotypes of this clade are mainly distributed along

the northern rim of the basin and are apparently differen-

tiated from those along the southern rim (Fig. 3). A high

portion of total genetic variation (60.06 %) exists among

the five identified groups (Fig. 1). The genetic divergence

between the two large groups on the northern and southern

rims of the basin could have resulted from the vast area of

the Taklimakan Desert separating them, resulting in a lack

of gene flow between the populations on either side of the

basin.

Along with the geographic separation of the populations,

the dry climate of the region also could have played a

role in restricted gene flow. The annual average rainfall

in Tarim Basin is 50–70 mm, and the annual average

evaporation is ca. 1,500 mm. Due to the small amount of

rainfall and the high amount of evaporation, the basin is the

driest region in China (Liu and Qin 2005). Mu (1994) has

hypothesized that the dry climate in the basin could date

back to the late Cretaceous. Since the Pliocene, the uplift of

the Tibetan Plateau intensely changed the atmospheric

circulation in the area, causing widespread aridification

across the entire basin (Zheng et al. 2003; Sun et al. 2008;

Wang et al. 1996). Aridification and the formation of the

desert likely obstructed gene flow between various groups

of populations of the southern and northern areas of Tarim

Basin. The processes involved in restricting gene flow

among populations of H. polydichotoma also have been

reported in a number of other plant phylogeographic

studies (Bittkau and Comes 2005; Cornman and Arnold

2007; Ge et al. 2011).

Range expansion in Tarim Basin and adjacent areas

If large-scale geographic range expansion occurs, it usually

leaves at least one distinct genetic signature: a single,

widespread genotype (Hewitt 2000; Avise 1987; Comes

and Kadereit 1998). The distribution of genetic variation in

Tarim Basin and adjacent areas is consistent with this type

of genetic signature. It is apparent that haplotype A is

widespread along the northern rim of the basin, while D is

Fig. 3 Haplotype median-

joining network of Hexinia
polydichotoma. The circle size

is proportional to haplotype

frequencies. The number of

inferred steps between

haplotypes is shown near the

corresponding branch section.

Haplotypes in the network

shown in different colors
represent the following four

geographical areas. The yellow
circles (mv1 and mv2) represent

the missing or inferred

haplotypes
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common along the southern rim of the basin (Fig. 1).

Range expansion was detected in the two large groups

[groups (1) and (5)], which are distributed along the

northern and southern edges of the basin, respectively, and

the range expansion of the two groups was strongly sup-

ported by the significant value of Tajima’s D (Table 4) as

well as by the unimodal mismatch distribution (Fig. 4). In

group (1), haplotype A is widespread, and haplotypes B

and C are both present in the two populations from the

Hexi Corridor. According to the phylogenetic analyses

(Fig. 2), these latter two haplotypes are derived and sister

to the clade the includes haplotypes A and N. Haplotype F,

which is found in Atushi, is the sister to the clade that

includes haplotypes A, B, C, and N. Haplotypes A and F

are only found together in one population, Atushi (7).

Given the phylogeny and geographic arrangement of these

haplotypes, it is quite possible that haplotype F gave rise to

haplotype A, and this latter haplotype migrated east,

moving through the Shule Valley and reaching to the Hexi

Corridor, to become widespread along the northern edge of

the basin. Group (5) along the southern rim of the basin,

contains the widespread haplotype D as well as haplotypes

I, G, Q, M, and L. The individuals of haplotype D appear to

have migrated along the southern rim of the basin. In

general, the migration patterns of individuals of H. po-

lydichotoma have occurred along the rims of the basin,

where the hydrographic net is well-developed and water is

most abundant.

Our results suggest that H. polydichotoma expanded its

geographic range between 0.22 and 0.66 Mya, which is

during the middle Pleistocene (0.125–0.75 Mya) (Shi et al.

2005). Early in the Pleistocene, deserts were scattered

throughout the basin (Shi et al. 2005), but during the late-

early or early-middle Pleistocene, the region became drier,

resulting in the formation of the Taklimakan Desert and its

migratory dunes (Shi et al. 2005). The drifting sand and

wind may have provided appropriate conditions for the

dispersal of the light seeds of H. polydichotoma. Addi-

tionally, during the interglacial period in the middle

Pleistocene (0.48–0.60 Mya), the climate in the basin was

warmer and wetter than during the earlier glacial period

(0.60–0.80 Mya), and with the increasing temperatures, a

greater amount of runoff from melting snow and glacial ice

infused the river systems along the edge of Tarim Basin

(Shi et al. 2005). This greater amount of runoff provided

favorable conditions for the survival and growth of the

migrating seeds of H. polydichotoma. The combined

actions of these factors allowed for the range expansion of

this species in Tarim Basin. Geographic range expansions

of this nature also have been reported in species in Europe,

North America, and northeast Asia (Hewitt 2000; Broyles

1998; Aizawa et al. 2009).

Habitat fragmentation in Tarim Basin and adjacent

areas

Habitat fragmentation was also detected in Tarim Basin.

The group along the southern rim of the basin includes

individuals of haplotypes I. Haplotype I is present in two

populations, Cele (13) and Ruoqiang (15), and the distance

between them is 721 km. Consequently, it appears likely

that haplotype I might have experienced long-distance

dispersal, then became fragmented. Haplotype A spread

from the basin to the Hexi Corridor; however, its distri-

bution is not continuous. Population Guazhou, located

between the northern rim and the Hexi Corridor, fixed the

highly derived haplotype C, so we can infer that after the

colonization of the Hexi Corridor, populations experienced

fragmentation, and this fragmentation could have resulted

in the development of haplotype C. We hypothesize that

along the rims of Tarim Basin, habitat fragmentation is a

consequence of climate fluctuation throughout the basin.

Though the arid climate has dominated the basin since the

middle Pleistocene, climatic fluctuations have occurred

frequently (Jin et al. 1994; Dong et al. 1997; Zhang and

Men 2002). From the middle Pleistocene to the Holocene,
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Fig. 4 Mismatch distribution analysis for chloroplast DNA data for

a group (1) that includes populations 1, 3–7, and 16 (SSD = 0.0065,

P = 0.11), and b group (5) that includes populations 10–15 (SSD =

0.0151, P = 0.17)
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the climate of Tarim Basin has cycled multiple times

between dry and humid conditions, resulting in expansion

and contraction cycles of river systems and oases (Zhang

et al. 2003; Feng et al. 1999; Yang et al. 2002; Luo et al.

2009). These climatic shifts have resulted in multiple

rounds of habitat fragmentation, which has provided new

opportunities for the colonization of different geographic

areas.
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