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Abstract Phylogeographic patterns of Ammopiptanthus
in northwestern China were examined with internal tran-
scribed spacer (ITS) and three chloroplast intergenic
spacers (trnH-psbA, trnL—trnF, and trnS—trnG). Two ITS
genotypes (a-b) and 8 chloroplast haplotypes (A—H) were
detected. Both ITS genotypes and chloroplast lineages
were split in two geographic regions: western Xinjiang and
the Alxa Desert. This lineage split was also supported by
AMOVA analysis and the Mantel test. AMOVA showed
that 89.81 % of variance in Ammopiptanthus occurred
between the two geographic regions, and correlation
between genetic distances and geographical distances was
significant (r = 0.757, p < 0.0001). All populations in
western Xinjiang shared haplotype A with high frequency,
and range expansion was strongly supported by negative
Fu’s Fg value, and mismatch distribution analysis, whereas
populations in the Alxa Desert had higher genetic diversity
and structure. We speculate that the cold and dry climate
during the early Quaternary fragmented habitats of the
species, limiting gene flow between regions, and inter-
glacial periods most likely led to the range expansion in
western Xinjiang. The low genetic diversity of
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Ammopiptanthus indicate a significant extinction risk, and
protective measures should be taken immediately.
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Introduction

Phylogeographic studies can resolve unclear systematic
classification problems of species (Avise 2000). Proper
systematic classification is important for conservation of
endangered species. Incorrect taxonomic classification will
lead to ill-conceived conservation strategies. For example,
species that may need protection could go unrecognized, or
at the other end of the spectrum, and resources could be
wasted on the organisms wrongly characterized and
regarded as endangered (Frankham et al. 2002). Phylo-
geographic studies can also help in identifying intraspecific
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). Recognizing ESUs within endangered species
ensures that different lineages can be managed separately,
and thus, high genetic diversity can be maintained (Cran-
dall et al. 2000). In addition, phylogeography can provide
other valuable genetic information, such as genetic diver-
sity, population structure, and evolutionary history, which
are essential to the development of broad-scale conserva-
tion strategies and planning of management actions for the
conservation of the endangered species (Osborne et al.
2000; Browning et al. 2001; Moritz 1994).

The arid northwestern region of China comprises the
entire Xinjiang Autonomous Region, the Hexi Corridor in
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Gansu Province, the Qaidam Basin in Qinghai Province,
and western parts of the Helan Mountains in Inner Mon-
golia Autonomous Region (the Alxa Desert) (Dang et al.
2002). Many of the species in this area have fragmented
populations and may be relicts of the Paleo-Mediterranean
flora, such as Helianthemum songaricum, Gymnocarpos
przewalskii, Reaumuria soongarica, Cynomorium songar-
icum; or the derivants of the Paleo-Mediterranean flora,
such as Ammopiptanthus mongolicus (Tang 2000). This
implies a close relationship among floras of the Mediter-
ranean, Xinjiang, and Inner Mongolia region. The Hexi
Corridor have acted as a conduit allowing plants to colo-
nize these different regions.

Climate oscillations during the Quaternary have had
profound effects on the phylogeographical patterns of
species in the arid northwestern China (Su et al. 2011; Guo
et al. 2010). Besides the climate oscillations, phylogeog-
raphy of native species were apparently affected also by the
aridization of interior Asia, partially driven by the Qinghai-
Tibet Plateau (QTP) uplift and global cooling (Qin et al.
2013; Su and Zhang 2013). Cold and dry glacial periods
have usually resulted in allopatric divergences in desert
species, as well as a contraction and/or fragmentation of
populations (Liu et al. 2012; Guo et al. 2010; Su et al.
2011; Wang et al. 2009; Jia et al. 2012); whereas warm
interglacial periods have caused regional range expansions
in some desert species (Guo et al. 2010; Li et al. 2012; Su
and Zhang 2013).

Ammopiptanthus is an evergreen shrub and primarily
occurs on sand dunes, gravel slopes, and terraces beside
ravines that support an arid climate. It has multiple greyish-
green branches, leathery leaves, yellow flowers (Cui 1998),
and relies on insect pollination (Chen et al. 2009a, b).
There has been long dispute about the classification of the
genus Ammopiptanthus. Earlier classifications recognized
two species, A. mongolicus and A.nunas, based on leaf
morphology (Cui 1998). A. nunas mainly distributes in
Uluggat Country in western Xinjiang, and extend west to
Kyrgyzstan, and A. mongolicus mainly distributes in the
Alxa Desert in Inner Mongolia, and extend north to
southern Mongolia (Cui 1998). However, more recently,
taxonomists contended that the differences between the
two species are of degree only, and the considerable vari-
ation in their morphology are caused by water availability,
grazing, and season, similar with many other species of
arid areas. Thus, Wei and Lock (2010) thought there should
be only one species in Ammopiptanthus, A. mongolicus.

Because of insect pests (Bracon sp. and Nephopteryx
sp.) and anthropogenic activities (e.g. coal mining, road
construction, overgrazing and cutting for firewood) over
the past several decades, Ammopiptanthus and its habitat is
in decline. This drastic decline has warranted listing as
endangered on the China Species Red List (Fu 1992).
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There have been a number of genetic or systematic studies
about the Ammopiptanthus. Using inter-simple sequence
repeat (ISSR) analysis, Ge et al. (2005) found moderate
genetic differentiation in both A. mongolicus and A.nunas,
and the two species are genetically distinct from each
other, indicated by 63 % species-specific bands. Chen et al.
(2009a, b) examined allozyme variation in A. nanus and A.
mongolicus. They found low levels of genetic variation at
population levels in both species, while moderate genetic
differentiation existed among the A. nanus populations and
significant genetic divergence among the A. mongolicus
populations from the Tengger Desert and from Ulan Buh
Desert/Helan Mountain. Based on nrITS sequences, Wang
et al. (2006) found A. mongolicus and A.nunas were
reciprocally monophyletic clades, whereas Xie and Yang
(2012) got the reverse result. To clarify the classification
and provide useful information for conservation in Am-
mopiptanthus, it is necessary to investigate the genetic
structure and the phylogeographical pattern across the
whole distribution range and use modern molecular
techniques.

The chloroplast (cp) DNA of most plants is inherited
from only one of the parents, typically maternal inheritance
(Birky 2001; Avise 2000); thus, without the confounding
effects of biparental inheritance, cpDNA lineages in natural
populations can better trace the evolutionary history of
species and display distinct geographical distributions
(Avise 2000). However, cpDNA markers may only partly
recover the phylogeographical history of a species (Méder
et al. 2010), thus additional use of biparentally inherited
nuclear DNA markers might contribute more information
to the evolutionary process (Liu et al. 2012). Recently, the
combination of nuclear and chloroplast markers has been
increasingly used in plant population genetic studies (Jia
et al. 2012; Martins et al. 2011; Qin et al. 2013). In the
present study, we used nuclear ITS sequence, and chloro-
plast markers including trnH-psbA, trnL—trnF, trnS—trnG,
to investigate the full, range wide genetic variation of
Ammopiptanthus to address the following questions: (1) do
populations of Ammopiptanthus in western Xinjiang rep-
resent a species rank, A.nunas; (2) if so, what is genetic
variation within and population differentiation between the
two species; (3) were there similar range shifts within each
of the two regions?

Materials and methods
Plant materials
A total of 392 individuals from 33 populations of the two

species were sampled, covering almost the entire geo-
graphical range of its distribution. Populations 1-12 were
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sampled in western Xinjiang province (Region 1), and
populations 13-33 were sampled in the Alxa Desert,
including Inner Mongolia, Ningxia, and Gansu province
(Region 2). Ten to 12 individuals were collected per pop-
ulation. Fresh leaves were gathered from each individual
and dried in silica gel at once. According to the phylogeny
analyses of Ammopiptanthus by Xie and Yang (2012) and
Wang et al. (2006), we selected the species Sophora
davidii, S. flavescens, Piptanthus nepalensis, Thermopsis
smithiana, T. lanceolata, T. alpina as outgroups for the
phylogenic analysis.

DNA extraction, amplification, and sequencing

Total genomic DNA was extracted from dried leaf tissue
using a modified 2x CTAB method (Rogers and Bendich
1985; Doyle and Doyle 1987). The ITS region (ITS1, 5.8S
rDNA, ITS2) was amplified and sequenced using primers
ITS1 and ITS4 according to White et al. (1990), and the
spacers trnH-psbA, trnS—trnG, and trnlL-trnF were
amplified and sequenced using the primers and protocols of
Sang et al. (1997), Shaw et al. (2005) and Taberlet et al.
(1991) respectively. Amplification products were purified
using PCR Product Purification Kits from Shanghai SBS,
Biotech Ltd., China. Sequencing reactions were conducted
with the forward and reverse primers of the amplification
reactions, using the DYEnamic ET Terminator Kit
(Amersham Pharmacia Biotech), with an ABIPRISM3730
automatic DNA sequencer from Shanghai Sangon Bio-
logical Engineering Technology & Services Co., Ltd
(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. The alignments were adjusted man-
ually, and the haplotypes were identified by TCS v.1.21
(Clement et al. 2000).

Phylogenetic divergence time estimation
and phylogeographical analysis

Phylogenetic relationships of the cpDNA haplotypes were
analysed by maximum parsimony (MP) method imple-
mented in PAUP, version 4.0b10 (Swofford 2002). For MP
analyses, the search strategy were as follows: 100 random
additions of sequences with tree bisection—reconnection
branch swapping, and MULTREES, COLLAPSE, and
STEEPEST DESCENT options switched on. We treated
indels at positions 542, 1126, 1174, and 2066 as a single
mutation event and coded as a substitution. The reliability
of the trees was tested using 1000 bootstrapping replicates.
Bayesian analysis also used to search for tree topologies
and estimated divergence time among the lineages using

the software BEAST (Drummond et al. 2002; Drummond
and Rambaut 2007). We used the Hasegawa-Kishino-Yano
substitution model (selected by MODELTEST) and a
constant-size coalescent tree prior. The cpDNA substitu-
tion rates for most angiosperm species are uncertain, and
have been estimated to vary between 1.0 x 107° and
3.0 x 1077 s 57" y~! (Wolfe et al. 1987). We used normal
distribution priors with a mean of 2.0 x 10~ and a SD of
6.080 x 107'° for Ammopiptanthus to cover this uncer-
tainty within the 95 % range of the distribution for esti-
mation of divergence time of major lineages (Jia et al.
2012). After burning in of 1,000,000 steps, all parameters
were sampled once every 1000 steps from 10,000,000
Markov chain Monte Carlo steps. We examined conver-
gence of the stationary distribution by visual inspection of
plotted posterior estimates with TRACER (Drummond and
Rambaut 2007), and the effective sample size for each
parameter was found to exceed 200. Genealogical rela-
tionships among all the haplotypes were analysed using
statistical parsimony method (Templeton et al. 1992) with
a maximum connection limit equal to 20 steps imple-
mented in the program TCS v.1.21 (Clement et al. 2000).

Molecular variability and demographic analysis

HAPLONST was used to estimate within-population
diversity (hg), total gene diversity (ht), genetic differenti-
ation (Ggr) at the species level, and population subdivision
for phylogenetically ordered alleles (Ngt). Spatial analysis
of molecular variance was performed to test the spatial
genetic structure of cp genetic variation, using SAMOVA
v.1.0 (Dupanloup et al. 2002), and the analysis for defining
groups of populations (K) was run for K = 2-32. Finally,
when the proportion of total genetic variance because of
differences among groups of populations (Fcr) up to the
maxim, the number of groups was accepted as the best
grouping pattern of populations. To study the genetic
structure, analysis of molecular variance (AMOVA) was
employed based on pairwise differences of the sequences,
using ARLEQUIN v.3.01 (Excoffier et al. 1992, 2005). To
test whether the genetic distance was significantly corre-
lated with geographical distance (Mantel test), pairwise
estimates of Fgp (calculated in ARLEQUIN) and the nat-
ural log of geographic distances between locations (cal-
culated in PASSAGE v.1.1; Rosenberg 2001) were
correlated using the program IBD v.1.52 (Bohonak 2002).

To test for evidence of range expansions, Tajima’s D
and Fu’s Fg statistics were calculated in ARLEQUIN
(Tajima 1989; Fu 1997). A significant value for D or a
significant, large, negative value for Fg may represent
range expansion (Fu 1997; Aris-Brosou and Excoffier
1996; Tajima 1996). To investigate demographic history,
the mismatch distribution (MDA) was also calculated in

@ Springer



488

Conserv Genet (2016) 17:485-496

ARLEQUIN, with 10,000 permutations were performed.
An unimodal distribution indicates that populations have
experienced a recent expansion (Slatkin and Hudson 1991;
Rogers and Harpending 1992). If the sudden expansion
model was accepted, we used the relationship s = 2ut to
estimate the expansion time (t), where s is the total number
of mutations, and u is the mutation rate per generation for
the whole analyzed sequence (Rogers and Harpending
1992). The u value was calculated as u = 2 pkg, where p 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. We also used the rate
2 x 107 for our estimation of range expansion times (Jia
et al. 2012). Based on our observation in Turpan Botany
Garden, the generation time for this species is 4 years.

Results
Sequence analysis

The aligned sequence length for the trnH—psbA spacer was
340 base pairs (bp), for the trnlL—trnF spacer 926 bp, and
for the trnS—trnG spacer 918 bp. A total of 36 informative
characters were found in the aligned sequence data: 5
nucleotide substitutions (positions 10, 405, 664, 1444,
2004) and 11 indels (positions 196, 197, 314, 323,
542-543, 922, 1126-1130, 1174-1185, 1439, 1561, and
2006-2010). Of the 392 sampled individuals from 33
populations, a total of 8 haplotypes (A—H) were identified
(Tables 1, 2). For the ITS region, the aligned sequence
length was 687 bp, and 3 informative characters were
found in the aligned sequence data, and they are all
nucleotide substitutions (positions 40, 443, and 625). Of
the 392 sampled individuals from 33 populations, 2 geno-
types (a and b) were identified. GenBank accession num-
bers of the cpDNA sequences are KU178934-KU178946,
and of the ITS sequences are KU178932-KU178933.

Genetic variations geographical distribution
and relationships

The sampled locations, and geographic distribution of
cpDNA haplotypes and ITS genotypes, along with the
frequency of them in each population, is presented in Fig. 1
and Table 1. In the network, cp haplotypes A, B, and C are
distributed in western Xinjiang (Region 1); haplotypes D—
H are distributed in the Alxa Desert (Region 2). No hap-
lotypes were shared between the two regions. In region 1,
haplotype A is widespread, and rare haplotypes B and C are
fixed in population 5 and 12 respectively. In region 2,
haplotype D is widespread on the north of the Alxa Desert,
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E is fixed in population 22, and haplotypes F, G, and H are
restricted to the south (Fig. Ic). For ITS genotype, all
populations had one nuclear genotype (a) in region 1,
whereas all populations had the other nuclear genotype
(b) in region 2 (Fig. 1b).

The network, constructed using parsimony analysis,
indicated phylogeny among the haplotype. As shown in
Fig. 2, haplotype B was connected to A by one hypothet-
ical haplotypes, and haplotype C was connected to A by
one substitution. Haplotype A was connected F by 9
hypothetical haplotypes, and F was connected to D by one
hypothetical haplotypes. Haplotype G was connected to H
by one substitution, which in turn was connected to D by
one hypothetical haplotypes. Haplotype E was connected to
D by one substitution.

Genetic diversity and genetic structure

Spatial genetic analysis of cpDNA haplotypes using
SAMOVA indicated that Ft increased to a maximal value
of 0.9842 when K (the number of groups) was raised from
K =2 to K=4. The grouping pattern of populations
corresponding to K = 4 is: (1) populations 1-12, belonging
to western Xinjiang; (2) populations 13-26, 28-29,
belonging to Inner Mongolia and Ningxia province; (3)
population 27, belonging to Inner Mongolia; (4) popula-
tions 30-33, belonging to Inner Mongolia, Ningxia, and
Gansu province. For the whole distribution of Ammopip-
tanthus, within-population gene diversity (hg) was 0.045
(SE 0.0221), and total gene diversity (ht) was 0.670 (SE
0.0522). Differentiation among populations was high
(Gst = 0.932, SE 0.0315), indicating significant popula-
tion structure. Ngr was 0.981 (SE 0.0148), significantly
higher than Ggt as shown by the U test (U = 1.96,
p < 0.001), indicating significant phylogeographic struc-
ture. In the Alxa Desert, hg was 0.057 (SE 0.0318), ht was
0.434 (SE 0.1248), and differentiation among populations
was high (Ggr = 0.869; Ngt = 0.904). In western Xin-
jiang, hg was 0.039 (SE 0.0277), ht was 0.041 (SE 0.0289),
and differentiation among populations was low
(Gst = 0.056; Ngr = 0.073). The AMOVA results pro-
vide evidence that 98.00 % (p < 0.001) of the total varia-
tion can be explained by differences among populations.
When populations were grouped according to genetic dif-
ference and geographical region by the program
SAMOVA, AMOVA results demonstrated that 98.44 %
(p < 0.001) of the total variation occurred among the
groups (Table 3). According to geographic regions,
89.81 % (p <0.001) of the total variation occurred
between the two regions. Mantel’s test showed that there
was significant correlation between genetic distance and
geographical distance (r = 0.757, p < 0.0001, Fig. 3).
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Table 1 Details of sample

Jocations, sample size, and Region Number Location Latitude Longitude Altitude ITS genotype Cp haplotype
genetic variation for 33 N (E) (m)
populations of Ammopiptanthus  Recion 1 | Wuheshalu 39.66 74.75 2290 a(l2) A (12)
2 Kangsul 39.7 74.99 2167 a (10) A (10)
3 Kangsu2 39.65 75.02 2102 a(12) A (12)
4 Biaoertuokeyil  39.5 74.87 2551 a(12) A (12)
5 Biaoertuokeyi2  39.49 74.88 2512 a(12) A (10), B (2)
6 Biaoertuokeyi3  39.49 74.92 2387 a (12) A (12)
7 Heiziwei 39.8 75.31 2395 a(12) A (12)
8 Tielieke 39.92 75.73 2212 a (12) A (12)
9 Bayinkulutil 39.83 75.59 2109 a(12) A (12)
10 Bayinkuluti2 39.77 75.58 2044 a(12) A (12)
11 Bayinkuluti3 39.71 75.57 2064 a (10) A (10)
12 Atushi 39.76 76.39 2350 a(12) A (11), C (1)
Region2 13 Yagan 41.63 103.22 1010 b (12) D (12)
14 Wauliji 40.8 104.72 1009 b (12) D (12)
15 Yinggen 40.79 104.93 1330 b (12) D (12)
16 Bianjingl 42.08 106.18 926 b (12) D (12)
17 Bianjing2 41.79 106.32 1095 b (12) D (12)
18 Chulumiao 41.69 106.99 1427 b (12) D (12)
19 Tukemu 40.58 106.25 1426 b (12) D (12)
20 Rengenfeng 40.58 106.32 1168 b (12) D (12)
21 Waulanbuhe1 40.43 106.59 1037 b (12) D (12)
22 Wulanbuhe2 40.49 106.86 1039 b (12) D (9), E (3)
23 Bayinengeer 40.24 107.15 1203 b (12) D (12)
24 Dengkou 40.05 106.78 1091 b (12) D (12)
25 Jilantail 40.11 105.69 1078 b (12) D (12)
26 Jilantai 2 39.67 105.7 1032 b (12) D (12)
27 Beisi 38.98 105.87 1762 b (12) F (12)
28 Wuhai 39.24 106.82 1108 b (12) D (12)
29 Taole 38.43 106.57 1168 b (12) D (12)
30 Lingwu 37.74 106.45 1263 b (12) G (12)
31 Jiergelang] 37.99 105.25 1323 b (12) G (10), H (2)
32 Jiergelang2 37.93 105.26 1355 b (12) G (8),H (4)
33 Jingtai 37.5 103.84 1924 b (12) G (12)

Figures in the parenthesis represent the number of the haplotypes. Region 1 refers to western Xinjiang, and
region 2 refers to the Alxa Desert, including Inner Mongolia, Ningxia, and Gansu province

Demography of the groups in Ammopiptanthus

Demographic analysis of groups and total individuals in
Ammopiptanthus revealed that, group 1 (populations 1-12
in western Xinjiang) experienced range expansion in the
past. Range expansion of group 1 is supported by signifi-
cant results of Fu’s Fg (Fs = —2.83, P = 0.006), along
with unimodal distributions for the shapes of the mismatch
distribution (Fig. 4). The time of the geographic range
expansion of group 1 is estimated to have occurred at about
4.29 x 10* years, which is consistent with the Interstadial
of the Last glaciation (Shi et al. 2005).

Phylogenetic analysis and divergence time
between major clades

MP and Bayesian analysis produced trees with the same
topology, and so only the MP tree is presented (Fig. 5). In
this tree, Ammopiptanthus is resolved as monophyletic, and
the relationship is well supported (100 % bootstrap support
and 1.00 posterior probability). The two intraspecific lin-
eages of Ammopiptanthus were estimated to have diverged
between 0.77 (95 % HPD 0.35-1.35) Mya, that is consis-
tent with the Maximum Glaciation in early-middle Pleis-
tocene, according to Shi et al. (2005).
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Table 2 Eight haplotypes of

. . Sequence position
Ammopiptanthus recognized on 4 P

basis of three chloroplast DNA 1 1 1 1 1 2 2
sequences, psbA-trnH, trnlL— 1 1 3 3 4 5 6 9 1 1 4 4 5 0 0
trnF, and trnS—trnG 1 9 9 1 2 0 4 6 2 2 7 3 4 6 0 6
0 6 7 4 3 5 2 4 2 6 4 9 4 1 4 6
Haplotype

A C A A C OO0 C - S 0w T T A A A

B C - c o ¢C¢c - S v T T A A A

C c - - A A C 0O C - S vy T T - A A

D T A A A A G - A - - AV G A A -

E T A A A A G - A - - - - G A A -

F T A A A A G - A - VAR G - A -

G T A A A A G - A T <& v - G A G -

H T A A A A G - A - (S VAR G A G -

O: AT; O: ATACA; v7: ATGAAAAGAAAA; A: AAATT

Discussion

Allopatric divergence between two regions
of Ammopiptanthus in northwestern China

A single lineage of ancestral descendant populations of
organisms which maintains its identity from other such
lineages and which has its own evolutionary tendencies and
historical fates, should be defined as species status (Wiley
1978). For both the nuclear and chloroplast datasets, phy-
logenetic analyses showed that Ammopiptanthus comprised
two lineages, distributed respectively in western Xinjiang
(Region 1) and the Alxa Desert (Region 2) (Figs. 1b, c, 2).
Parsimony analysis also indicated the similar result
(Fig. 2). The two reciprocally monophyletic clades in
Ammopiptanthus give further molecular support to the
suggestion that populations in western Xinjiang should be
given species rank, A. nunas (Cui 1998).

AMOVA analysis and the Mantel test demonstrated
significant genetic divergence between the two regions.
Based on molecular dating analysis, Xie and Yang (2012)
confirmed the previous hypothesis that Ammopiptanthus in
eastern central Asian deserts is an early Miocene relic
genus, whose ancestor was probably one of the elements of
the xerophytes in the Tethyan flora (Liu 1995; Sun 2002;
Sun and Li 2003), thus, we infer that the species diffused
into the Alxa desert through the conduit Hexi Corridor
during the Tertiary period (Liu 1995). About 2 Mya, the
temperature declined markedly in northwest China when
the Quarternary came (Guo et al. 1999). Despite of the
developing cold climate, it appears that Ammopiptanthus
could have survived in some valleys of the western Tian-
shan Mountains in Xinjiang. Likewise, the Alxa Desert
resides greatly inland and was not covered by glaciers, thus
it suffered relatively little damage from the cold climate
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(Liu 1995), and is therefore another habitat in which this
species would have survived during the climatic extremes.
Aridification usually correlated with periodicly cold glacial
episodes (Shi et al. 2005; Xu et al. 2010). From the early to
middle Pleistocene, dry climate continued to develop, and
deserts and gobi deserts further expanded in northwest
China (Williams et al. 1993). At 0.8-0.6 Mya, north-
western China entered into the Maximum Glaciation, the
climate became much colder and dryer beyond the extent
of former periods (Williams et al. 1993; Shi et al. 2005).
The lineages of Ammopiptanthus (node 1 in Fig. 5)
diverged approximately 0.77 Mya, consistent with this
period, thus, we speculate that the extreme climate reduced
and isolated acceptable habitats for the species. In addition,
between the two geographic regions, there are the vast
Taklimakan desert and long Hexi Corridor, with a distance
exceeded 2700 km, interrupting the gene flow and leading
to the allopatric divergence. Allopatric divergence corre-
lated with extremely low temperatures during glacial
periods was also found in plants on the QTP, such as
Hippophae tibetana and Aconitum gymnandrum, with
major lineages of them all split for the coldness in the early
Pleistocene (Wang et al. 2009; Jia et al. 2011).

Genetic diversity and genetic structure in the two
species of Ammopiptanthus

The level of genetic diversity in the two species are both
low, consistent with the previous study in Ammopiptanthus,
using different molecular markers (ISSR, AFLP, and
allozyme) (Ge et al. 2005; Chen et al. 2009a, b). The
association between low genetic variation and endemism
and/or rarity has long been known (Frankham et al. 2002).
Several factors might account for the low level of genetic
diversity. First, A. mongolicus and A. nanus may originate
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<«Fig. 1 Geographical distribution of Ammopiptanthus in China (a),
the geographical distribution of b ITS genotypes, and ¢ cp haplotype
in Ammopiptanthus in China. Population numbers correspond to those
in Table 1; cp haplotypes to those in Table 2, pie-charts represent
haplotype frequency

B
@)

Western Xinjiang The Alxa Desert

Fig. 2 Cp haplotype network of Ammopiptanthus constructed under
the criterion of statistical parsimony. In the haplotype parsimony
network, the blank circles indicate the missing or inferred haplotypes;
the circle size is proportional to haplotype frequencies; haplotypes in
the network showed in the same colours correspond to those in the
geographical distribution, Fig. lc

r=0.757, P<0.0001
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Fig. 3 The figure shows a significant relationship between geo-
graphic and genetic distance (r = 0.757, p < 0.0001)
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Fig. 4 Mismatch distribution analysis for chloroplast DNA data for
group 1 (Ammopiptanthus nanus) that includes populations 1-12 in
western Xinjiang (SSD = 0.001, p = 0.04)

from genetically depauperate populations, the low inherent
variability of the ancestral species might be the basic rea-
son for the low level of genetic diversity (Ge et al. 2005).
Second, small and isolated populations of the two species
were apt to suffer from genetic drift, that may have con-
tributed to the lack of genetic diversity observed today (Ge
et al. 2005). Finally, selfing were both found in the two
species (Chen et al. 2009a, b). They have numerous flowers
on a single inflorescence, about 10-16 flowers per inflo-
rescence. Large plants with many flowers can induce the
pollinator to visit many flowers per plant, thereby
increasing the probability of selfing, either by pollinator-
mediated self-pollination or geitonogamy (Ge et al. 2005;
Chen et al. 2009a; Burdon et al. 1988; Wolff et al. 1988).

According to Gitzendanner and Soltis (2000), in wide-
spread and restricted congeners, genetic variation was
significantly lower in the rare species than in the wide-
spread species. Compared with Ammopiptanthus

Table 3 Results of analysis of molecular variance for Ammopiptanthus based on chloroplast DNA sequence data

Source of variation d.f. Sum of squares Variance components Percentage of variation (%)
Among populations 32 1846.108 4.8485 98.00%*
Within populations 359 35.583 0.0991 2.00
(1-11) versus (12) versus (13-26, 28-29) versus (27) versus (30-33)

Among groups 3 1836.068 7.5917 98.44*

Among populations within groups 29 10.040 0.0208 0.27*
Within populations 359 35.583 0.0991 1.29*
Western Xinjiang versus the Alxa Desert

Among geographic regions 1 1527.327 8.4283 89.81%*

Among populations within regions 31 318.781 0.8572 9.13%

Within populations 359 35.583 0.0991 1.06*
*p < 0.001
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Fig. 5 Phylogenetic relationships of 8 haplotypes of Ammopiptan-
thus and related species. Numbers above branches are support values,
the front is maximum parsimony bootstrap values greater than 50, and

mongolicus, lower genetic diversity and structure in A.
nanus could be related to its more limited geographical
ranges. For A. mongolicus, haplotype D is widespread in
the north of the Alxa Desert, apparently different from the
genetic variation in the south of the desert. The present
genetic distribution in the north of the desert could be a
result of the rapid expansion of the species from a nearby
refugium (Chen et al. 2009a). Origins from different
refugia may be responsible for the genetic divergence
between north and south of the Alxa Desert, which was
consistent with the results based on allozyme by Chen et al.
(2009a).

Regional expansion in western Xinjiang

Range expansion of western Xinjiang (group 1) is sup-
ported by significantly negative Fu’s Fg value, and uni-
modal mismatch distribution (Fig. 4). 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

Thermopsis alpina

98/1 .(|0

Piptanthus nepalensis

0.99

Thermopsis smithiana

the latter is posterior probabilities greater than 0.9. The estimated
divergence time is approximately 0.77 Mya at node 1

multiple rare alleles) (Comes and Kadereit 1998; Hewitt
2000). The distribution of genetic variation in western
Xinjiang was consistent with these expected signatures
(Figs. 1, 2). We found that haplotype A was widespread
across every sampled location of the region/group, and rare
haplotypes B and C were limited to random single popu-
lations of the valleys in the western Tianshan Mountains.

Climate oscillation since the late Quaternary is usually
considered an important factor influencing the current
geographical distribution and genetic structure of plants
(Hewitt 2004). Fluctuant climate can cause corresponding
range shifts. There was a great deal of glaciation devel-
oping in the high Tianshan Mountains during the glacia-
tion, and the extent of glacial area varied in response to the
alternation of glaciation and interglaciation (Shi et al.
2005). As noted, the time of expansion in western Xinjiang
is consistent with the Interstadial of the Last glaciation (Shi
et al. 2005). During the interglacial period, environmental
conditions became warmer and, with the increasing tem-
perature, a greater amount of run-off from melting glacial
ice in the high mountains infused the valleys, and thus
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made habitats there more moist (Williams et al. 1993). The
improved habitats are more suitable for recovery, then the
species would have thrived and expanded outwards. There
was a hypothesis proposed in published studies, that was A.
nanus might originate from a founder population contain-
ing only a small fraction of the genetic variation present in
its progenitor species, and it might experienced founder
events or bottleneck effect in its evolutionary history (Ge
et al. 2005; Chen et al. 2009b). Our study confirmed the
hypothesis, the variant haplotype A might surf on the wave
of advance of the refugium range expansion, reaching high
frequencies, spreading to the other suitable habitats in
valleys of the western Tianshan Mountains.

Implications of conservation in Ammopiptanthus

Genetic drift and inbreeding are the most important genetic
factors leading to a loss of genetic diversity in species with
small population sizes and fragmented distribution patterns
and pushing them into “extinction vortices” (Lande 1998).
The maintenance of genetic diversity is a critical issue in
the conservation for long-term survival and maintain evo-
lutionary potential of threatened species (Frankel 1983).
According to the results of this study, efforts for recovery
should be implemented at the scale of populations in the
two species. First, we should adopt in situ conservation for
the two species. Although several nature reserves, such as
the west Ordos, the Helan Mountain, the Daqing Moun-
tains, and the Urat nature reserves have been set up for A.
mongolicus in Inner Mongolia, such nature reserves should
likewise be set up in Ulugqat Country in Xinjiang as well.
Second, 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, populations harbour rela-
tively high amounts of the genetic diversity or rare genetic
variations in each species should be prior considered, such
as populations Biaoertuokeyi and Atushi in A. nanus,
populations Wulanbuhe, Beisi, Lingwu, Jiergelang, and
Jingtai in A. mongolicus.
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