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Abstract To investigate the impacts of ancient geologi-
cal and climatic events on the evolutionary history of the
Aconitum nemorum species group, including A. nemorum
S. str., A. karakolicum, and A. soongoricum; a total of 18
natural populations with 146 individuals were sampled,
mainly from grassy slopes or the coniferous forest under-
story of the Tianshan Mountain Range and its surround-
ings. Two cpDNA intergenic spacer regions (trnS-trnG and
psbA-trnH) were sequenced and 16 haplotypes were
identified. These were clustered into three divergent lin-
eages which almost entirely corresponded to the three
species. Analysis of molecular variance indicated restricted
gene flow, mainly among species. High levels of genetic
distance were detected among eastern populations in A.
nemorum S. str. and A. karakolicum from spatial genetic
landscape analysis. Neutral tests and mismatch distribution
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analysis suggest that A. nemorum s. str. experienced
demographic expansions during interglacial periods. Based
on haplotype distribution and the median-joining network,
it was inferred that this species underwent two periods of
eastward expansion. Our molecular dating indicates that
the lineages of the complex separated during the period of
the late Tertiary to late Pleistocene (11.74—0.064 million
years ago), which was most likely triggered by recent rapid
uplift of the Tianshan Mountains, while genetic variation at
the intra-specific level might be attributed to climatic
cycles in the late Quaternary.
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Introduction

Phylogeography, a new discipline which began at 1980s,
plays an important role in connecting population genetics
and phylogenetic systematics (Avise 2000). Since the
recent rapid development of this discipline, it has been
recognized as an appropriate method to detect the present
spatial genetic structures of species and infer the anteced-
ent historical events (Liu et al. 2009; Hardy et al. 2002;
Avise 2000). For example, in Europe and North America,
phylogeographic studies have shown many temperate plant
species to have experienced multiple processes of south
retreat—north colonization in accordance with glacial-
interglacial cycles (Hewitt 2000). Due to complex topog-
raphy and high levels of species diversity, the consideration
of hypotheses on how plant species in mountainous regions
have responded to paleoclimatic changes and geological
events has also attracted numerous botanists and ecologists
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(Zhou et al. 2012; Liu et al. 2009; Hewitt 2004; Wang et al.
2009; Muellner et al. 2005; Stewart et al. 2010). Many
mountain plants are deemed to have retreated to low alti-
tudes to avoid alpine glaciations (Wulff 1943), although
some cold-tolerant species might have been able to survive
on mountain platforms during glacial periods (Wang et al.
2009). For example, the European distributed, cold-tolerant
species Trollius europaeus experienced migrations to
northern areas even during glacial periods (Espindola et al.
2012).

Among regions harboring multiple genetic haplotypes in
China (Liu et al. 2012), the Qinghai-Tibetan Plateau (QTP)
and adjacent southwestern China, due to an exceptionally
high biodiversity, have been regarded as a study hotspot
(Liu et al. 2009, 2012; Qiu et al. 2011a, 2011b; Zhou et al.
2012; Sun et al. 2010). High species richness and genetic
diversity in this region are associated with rapid uplifting
of the southeastern QTP during the Miocene (Clark et al.
2005) and the Quaternary glacial-interglacial cycles (Cun
and Wang 2010; Jia et al. 2012). For example, Jia et al.
(2012) recently investigated the phylogeographic structure
of Hippophae rhamnoides, showing this species to have
originated in the QTP and dispersed across Eurasia during
the Pliocene and Quaternary.

Attention has now also been directed to the phyloge-
ography of the region of arid Northwestern China, where
the spatial genetic structure and demographical history of a
number of eremophytes have been recently assessed (Meng
and Zhang 2011; Li et al. 2012; Su et al. 2012). Investi-
gating the phylogeographical patterns of these plants can
allow for an understanding of the effects of geological and/
or climatic events on plant species in the area. However,
the forest and grassland species widespread in relatively
humid, high altitude zones of mountain ranges have as yet
been given little focus.

The Tianshan Mountains, located between the Tarim
and Dzungarian basins in Northwestern China, were
mainly formed as a result of the intensive Cenozoic India—
Asia collision (Sun et al. 2004). Although the chronologi-
cal process of this uplift is still in debate, it is believed that
the most recent uplift of the Tianshan Mountains occurred
in the late Tertiary (Sun et al. 2004; Wang 2010). Also,
according to evidence from analysis of palynology and
ancient alpine glaciers (Zhao et al. 2009; Yan et al. 1998),
climatic cycles of cold-dry to warm-humid conditions were
experienced during the late Quaternary in the Tianshan
Mountains. These geological events and climatic changes
are believed to have profoundly affected the genetic
structure and distribution patterns of species. Zhang and
Zhang (2012) showed that cold-dry climates during glacial
periods in these mountains may have triggered specific and
intra-specific divergence within the Delphinium naviculare
species group.
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The Quaternary climatic oscillations were generally
more recent than the divergence between species. For
example, uplifts in the QTP during the early Miocene to
Pliocene promoted speciation in Cupressus (Xu et al.
2010a). Considering the timescale of the uplift of the
Tianshan Mountains, we study the phylogeography of the
Aconitum nemorum species group, containing A. nemorum
S. str., A. soongoricum, and A. karakolicum, mainly
occurring in the forest understory, on grassy slopes, and
along mountain streams, to provide new perspectives on
the evolutionary history of this species group in relation to
events in this area. These taxa belong to Series Grandi-
tuberosa Steinb. of Aconitum, which have been shown to
be monophyletic and have obvious morphological discon-
tinuities (Luo et al. 2005) based on characters of the fol-
licles and seeds. The seeds are released when the ventral
suture dehisces, and their distance of dispersal is small
(Guan et al. 1979). This limited dispersal ability would lead
to lower levels of gene flow among and within the species.
Therefore, we attempt to study phylogeography of this
multi-species group employing two cpDNA noncoding
regions, which are maternally inherited and non-recom-
bining in most flowering plants (Schaal et al. 1998). We
address the following two issues: (1) inference of the
spatial genetic structure of the A. nemorum species group
and (2) effects that the Tianshan Mountains uplift and
Quaternary glaciations in Northwestern China may have
had on shaping this structure.

Materials and methods
Taxon and population sampling

A total of 146 individuals from 18 natural populations,
including 6 populations (48 samples) of A. nemorum s. str.,
9 populations (72 samples) of A. soongoricum, and 3
populations (26 samples) of A. karakolicum, were collected
in this study (Table 1). Our sampling locations covered
most of the range of the A. nemorum species group in
China. The latitude, longitude, and altitude of each locality
were recorded using a global positioning system (GPS). To
avoid the collection of clones, we sampled individuals
separated by at least 50 m. Leaves were sampled randomly
and quickly dried with silica gel and stored frozen until
extraction. Voucher specimens of each individual were
deposited in the Herbarium of Xinjiang Institute of Ecol-
ogy and Geography, Chinese Academy of Science (XJBI).

Laboratory procedures

Total genomic DNA was extracted from dried leaf tissue
following a modified cetyltrimethyl ammonium bromide
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Table 1 Details of information

on sample localities for the 18 Population Latitude Longitude N Haplotype h m
Aconitum nemorum species A. nemorum s. Str. 48
group populations
QTB 43.581 89.529 7 H12, H14, H15 0.822 0.857
QTJ 43.582 89.829 8 HI12 0 0
FK 43.879 88.122 8 Hl11, H16 0.559 0.429
WLMQ 43.246 87.181 10 H11, H13, H16 1.242 0.711
MNS 43.876 86.102 8 H13, H16 0.559 0.429
GNSL 43.245 84.642 7 H13, H16, H15 0.822 1.048
A. soongoricum 72
YW 43.503 93.984 8 H2 0 0
HM 43.287 93.81 8 H2 0 0
BNK 43.542 92.97 8 H2 0 0
JMN 47.166 86.152 8 H2, H3 0.559 0.429
HF 46.989 85.962 8 H1 0 0
EM 46.943 84.549 8 H2 0 0
TC 45.795 82.798 8 H1 0 0
TL1 45.926 83.310 8 H1 0 0
TL2 45.743 83.055 8 H1 0 0
A. karakolicum 26
WwQ 44.935 80.091 9 HS8, H9 0.474 0.778
A 42.684 80.770 9 H4, HS, H7, H10 1.051 5.5
GNSD 43.145 84.542 8 Ho, H7 0.248 0.5
Total 146

(CTAB) protocol (Doyle and Doyle 1987). To get a pre-
liminary screen of chloroplast variation, 8 universal prim-
ers were used initially for 18 samples from 18 natural
localities. Two chloroplast regions, psbA-trnH (Sang et al.
1997) and trnS-trnG (Hamilton 1999), were found to dis-
play more variations than the other six markers examined
(trnL—trnF, atpB—abcL, rps16-trnK, psbK-psbA, ycfo—
psbM, and rps12-rpl20). We then performed amplifications
on all individuals using these two pairs of primers. Poly-
merase chain reaction (PCR) amplifications were carried
out in 30 pl reaction volumes consisting of 1.5 pl of
10x PCR buffer (Takara, Japan), 2 pl of 25 mM MgCl,,
1.8 pl of each primer (Sangon, Shanghai, China) at 50 ng/pl,
3 ul of 25 mM dNTP solution in an equimolar ratio,
0.46 pl of Taq DNA polymerase (5 U/ul, Takara, Japan),
and 0.5 pl of genomic DNA (10-100 pg). Amplification
using these primers began with an initial hotstart at 95 °C
for 4 min, followed by 30 cycles of denaturation at 94 °C
for 30 s, annealing at 52 °C for 30 s, extension at 72 °C for
90 s, and a final extension at 72 °C for 10 min. Amplification
products were purified, and sequenced by a commercial
laboratory (Shanghai Sangon Biological Engineering Technol-
ogy & Service, Shanghai, China).

Nucleotide sequences were edited in Seqman (Laser-
gene, DNASTAR Inc., Madison, Wisconsin, USA), and
aligned using ClustalX version 1.81 (Thompson et al.
1997) with default parameters, and then refined manually.

The cpDNA haplotypes were identified based on nucleotide
variations in the species examined (see below). They are
deposited in GenBank database (GenBank accession no.:
KC837082-KC837094 and KC837096 for psbA-trnH, and
accession no.: KC837076-KC837080 for trnS-trnG).

Genetic diversity and phylogeographic structure
analysis

The plastid (cpDNA) haplotypes and polymorphic sites
were assessed for the concatenated alignment sequences of
146 individuals of the A. nemorum species group using
DnaSP 5.0 (Librado and Rozas 2009). Estimations of
population genetic indexes [haplotypes diversities (h),
nucleotide diversity () and analysis of molecular variance
(AMOVA)] were computed in Arlequin 3.1 (Excoffier
et al. 2005). Three groups based on these taxa were pre-
specified in the AMOVA analysis. A median-joining net-
work (Bandelt et al. 1999) was constructed using the pro-
gram Network 4.6.1.0 (available at http://www.fluxus-
engineering.com/sharenet_rn.htm) to evaluate phylogenetic
relationships among haplotypes. Possible historical demo-
graphic expansions of the three species were examined
using the Tajima D test (Tajima 1989) and Fs test of Fu
(1997). D values significantly different from 0 are usually
correlated with selection, bottlenecks, or population
expansion, and a significantly negative F’s value indicates
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a recent demographic expansion. Mismatch distribution
analysis (Schneider and Excoffier 1999) was also used to
infer the demographic histories of the species. Unimodal
pairwise mismatch distributions indicate that populations
have experienced recent demographic expansion, while
multimodal distributions are related to demographic equi-
librium or decline (Slatkin and Hudson 1991; Rogers and
Harpending 1992). Raggedness index (7) and P values were
computed to test the significance of the population
expansion model. All these analyses were conducted in
Arlequin 3.1 (Excoffier et al. 2005). We estimated the
expansion time for lineages using the equation 7 = 2ut
(where 7 is the time in number of generations elapsed since
the sudden expansion episode, u the mutation rate per
generation for the total length of analyzed sequence, and
t is the time measured in generations). Values of u were
calculated in equation u = 2ukg, where u is the mutation
rate per nucleotide site per year (s/s/y), k the length of the
cpDNA fragment, and g is the generation time in years.
According to the average substitution rates of cpDNA
genes in Angiosperms, we used a range of the mutation rate
from 1.0 x 107°t0 3.0 x 10~ s/s/y (Wolfe et al. 1987) to
estimate the expansion time. We used 2 years as the gen-
eration time in accordance with previous studies (Li 1995).

To determine possible genetic discontinuities among
populations within species, a genetic landscape shape
analysis was carried out using Alleles in Space (AIS)
(Miller 2005) for each species. First, a connectivity net-
work was generated on the basis of the geographic coor-
dinates of sampling locations using the Delaunay
triangulation rule (Brouns et al. 2003; Watson 1992). Then,
the connectivity network was combined with the genetic
distance matrix to form a landscape shape interpolation.
The result of this procedure is a three-dimensional surface
plot where x- and y-axes are equivalent to population
geographical coordinates and the z-axis is genetic distance.

Phylogenetic analysis and estimation of divergence
times

We reconstructed phylogenetic relationships of the haplo-
types in the A. nemorum species group using two methods,
maximum likelihood (ML) and Bayesian inference (BI).
We chose Aconitum gymnandrum, Consolida ajacis, and
Delphinium elatum as outgroups for the study. The cpDNA
sequences of C. ajacis (GenBank accession no.: AF216578
for psbA-trnH and accession no.: JF331819 for trnS-trnG)
and A. gymnandrum (GenBank accession no.: FJ418150.1
for psbA-trnH and accession no.: JF331856.1 for trnS-
trnG) were downloaded from the GenBank database, and
those of D. elatum (GenBank accession no.: KC837095 for
psbA-trnH and accession no.: KC837081 for trnS-trnG)
were obtained in this study.
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PhyML 3.0 (Guindon et al. 2010) was used to perform
the ML analysis. A HKY 4 I model of substitution was
selected by Modeltest 3.7 (Posada and Crandall 1998) using
the Akaike information criterion (AIC) (Kelchner and
Thomas 2007). This model was also used in Bl and BEAST
analysis (see below). To evaluate clade support values,
1,000 replicates of bootstrap analysis were performed. BI
analyses were carried out in MrBayes 3.2 (Ronquist et al.
2012). A Markov chain Monte Carlo (MCMC) was run for
20 million generations with two parallel searches using four
chains, each starting with a random tree. Trees were sam-
pled every 1,000 generations and the first 10 % was dis-
carded as burn-in. Tracer 1.5 (Rambaut and Drummond
2007) was used to check whether the log likelihood (InL) of
sampled trees reached a stationary distribution.

As fossil record and specific substitution rates in Aco-
nitum were lacking, we used the range of the synonymous
substitution rates of cpDNA genes (1.0-3.0 x 1077 s/sly)
(Wolfe et al. 1987) to estimate divergence time.

BEAST version 1.6.1 (Drummond and Rambaut 2007)
was used to estimate dates of lineage divergence. To
choose optimal parameters for the BEAST analysis, an
initial MCMC was run for 20 million generations using an
uncorrelated lognormal clock model and a constant popu-
lation size. TRACER version 1.5 (Rambaut and Drum-
mond 2007) was used to examine the parameter ucld.stdev
and whether it was greater than 1 or close to 0. A parameter
value greater than 1 would suggest that our data was
appropriate for a relaxed molecular clock model. The final
MCMC was run for 20 million generations with sampling
every 1,000 generations. Two independent runs achieved
the same results. The effective sample sizes (ESS) of each
parameter from TRACER version 1.5 were required to
have values greater than 200. The maximum clade credi-
bility (MCC) tree was generated using TreeAnnotator
version 1.6.1 (Drummond and Rambaut 2007).

Results
Sequence diversity and haplotype distribution

The lengths of the psbA-trnH and trnS-trnG sequences
were 268 and 739 bp, respectively. A total of 13 nucleotide
substitutions and 14 indels/inserts were found in the con-
catenated psbA-trnH and trnS-trnG sequences (Table S1).
According to the presence of nucleotide substitutions and
indels, a total of 16 haplotypes were identified in the 18
populations, including 6 haplotypes (H11, H12, H13, H14
H15, H16) in A. nemorum s. str., 3 (H1, H2, H3) in A.
soongoricum, and 7 (H4, HS5, H6, H7, H8, H9, H10) in A.
karakolicum (Table S1; Fig. 1). No haplotypes were shared
among any of the three species. The nucleotide
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composition of the two cpDNA spacers consisted of A
(32.67 %), T (36.67 %), G (14.39 %), and C (16.27 %).
The intra-population haplotype diversity () and nucleotide
diversity (m) of A. soongoricum were 0, expectation for
population JMN was 0.559 and 0.429, respectively; A.
nemorum s. str. and A. karakolicum had high intra-popu-
lation haplotype diversity (#) and nucleotide diversity (r),
except for the QTJ and GNSD populations (Table 1).

Nine of 18 populations were fixed for private haplo-
types, including 8 [YW (H2), HM (H2), BNK (H2), EM
(H2), HF (H1), TC (H1), TL1 (H1), TL2 (H1)] belonging
to A. soongoricum, whereas the remainder were polymor-
phic (Fig. 1). In A. karakolicum, each of the populations
had two or more haplotypes, but only haplotype H7 was
shared, between populations ZS and GNSD; in A. nemorum
s. str., haplotype H14 was private in population QTB, but
all of the other haplotypes were shared among two or more
populations (Fig. 1).

80°E 85°E
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. . o By
,5,-'/.;» Tarim Basin B 2 H6 H10 H14 © A.soongoricumt
, WG s el
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Phylogeographic analysis

Neutral tests were carried out in Arlequin 3.1, the results of
which revealed dissimilar patterns for the three species. For
the Tajima’s D test, only A. karakolicum showed negative
values, while values for the other two species were larger
than zero (Table 2). The value of Fs was negative in A.
nemorum s. str., but greater than zero in A. soongoricum
and A. karakolicum (Table 2). AMOVA analysis showed
that a large proportion of the variation occurred among
species (82.9 %), accompanied by 15.4 % of variation
among populations within species and 1.7 % of variation
within populations (Table 3). Populations of A. nemorum s.
str. displayed unimodal distributions, while populations of
A. soongoricum and A. karakolicum had multimodal dis-
tributions in mismatch distribution analysis (Fig. 2). The
expansion time for A. nemorum s. str. was estimated at
190-63.35 thousand years ago.

Fig. 1 Geographical distribution and genealogical relationships of
the 16 haplotypes in the Aconitum nemorum species group from the
Tianshan Mountains. The red, yellow, and green closed curves
represent the main distribution ranges of A. soongoricum, A.
karakolicum and A. nemorum s. str., respectively. The pie charts
reflect the frequency of occurrence of each haplotype in each

population. Haplotype colors correspond to those shown in the lower
right corner panel. The median-joining network for the 16 haplotypes
is shown in the upper right corner and the sizes of the circles in the
network are proportional to haplotype frequencies. An intermediate
haplotype not found among the analyzed individuals is indicated by a
black rhombus
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Table 2 Results of neutral tests

. . Tajima’s D test Fu’s F test Mismatch distribution
and mismatch analysis
D P Fs P T @0 @1

A. nemorum s. str. 0.336 0.642 —2.215% 0.011 1.721 0 -
A. soongoricum 6.039 0.989 21.83 0.992 - - -
A. karakolicum —0.954 0.05 0.542 0.308 - - -

* Values are significant

Table 3 AMOVA analysis Source of variation df SS vC PV Fixation index

results of chlorotype

frequencies for population Among groups 1,417.68 15.21 1521 Va 82.87 Fsc = 0.90

groups of Aconitum nemorum .

species group, partitioned by Among populations 347.53 2.83 2.83 Vb 15.42 Fst = 0.98

species Within populations 40.28 0.31 0.31 V¢ 1.71 Fer = 0.83
Total 1,805.49 18.35 18.35

Genetic landscape shape analysis showed different
spatial genetic patterns for A. soongoricum than for the
other species. For A. nemorum s. str. and A. karakolicum,
higher peaks occurred for the eastern populations, and
genetic distances decreased progressively from east to
west. A. soongoricum had higher peaks in the widely
separated southeastern and northwestern populations
(Fig. 3).

Phylogenetic analysis and divergence dating estimation

The phylogenetic trees of haplotypes from the BI and ML
methods had similar topologies (Figs. S1, S2). This phy-
logeny contained three clades showing high bootstrap
values (Figs. S1, S2) and placed A. soongoricum and A.
karakolicum in Clade 1 and Clade 2, respectively, except
that one transitional haplotype of A. karakolicum was
placed in the A. nemorum s. str. clade (Clade 3).

Similar to BI and ML analysis, we obtained the same
three clades from BEAST divergence time estimations. The
divergence time between Clade 1 and the other two clades
was estimated at 11.74-3.88 million years ago, and that of
Clade 2 and Clade 3 at 5.45-1.79 million years ago
(Fig. 4). Intra-specific divergence time was indicated as
Pliocene to late Pleistocene (Fig. 4).

Discussion
Phylogenetic relationships and restriction of gene flow

Significant phylogenetic and phylogeographical structure
for the A. nemorum species group was shown by this study
(Table 3; Fig. 4; Figs. S1, S2), and the identified haplo-
types were clustered into three major clades. Although
haplotype H10 from A. karakolicum was placed in the A.
nemorum s. str. clade (Clade 3), the haplotype network
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shows that each species has its own specific lineage
(Figs. 1, 4) and that each species has clear boundaries.
Gene flow is restricted among species, as evidenced by
high levels of genetic differentiation (Table 3). Gene flow
in maternally inherited organellar DNA usually occurs by
exchange of seeds, and long-distance dispersal of these
usually relies on water, animals, and wind (Manzano and
Malo 2006; Nathan and Muller-Landau 2000). In the A.
nemorum species group, the distribution range of A.
soongoricum is different from that of A. karakolicum and
A. nemorum s. str., and so little gene flow between this
species and the other two would be expected. In addition,
since fruits and seeds of the species group are not spe-
cialized for dispersal, this would tend to limit dispersal
distance. The distribution ranges of A. karakolicum and A.
nemorum s. str. overlap only at Gongnaisi Valley (popu-
lations GNSL and GNSD for A. nemorum s. str. and A.
karakolicum, respectively). Evidenced from our field
observations, A. karakolicum fruition is in mid-August
when A. nemorum s. str. is only flowering. The difference
in blooming phases of the two species likewise restricts the
potential for mating between them and enhances the overall
restriction of gene flow within the species group.

Potential refugia and demographic dynamics
of the A. nemorum species group

Each species sampled showed a distinct expansion/con-
traction pattern. Neutral tests (D = 0.336, P = 0.642;
Fs* = —2.215, P =0.011) and mismatch distribution
analysis (Fig. 2) revealed that A. nemorum s. str. likely
experienced demographic expansions. The dominant hap-
lotypes of the species in the eastern and western parts of the
distribution were H12 and H13, respectively. Phylogenetic
network analysis showed that these two haplotypes are
closely related to those of A. karakolicum (Fig. 1). Thus,
they apparently originated from the Ili Valley, where A.
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2500 7 —&— Observed
Simulated
2000 r=0
r=0.681
oy
2 1500 A
5}
S
IS3
£ 1000 A
[
500 4
0 g i
0 2 4 6 8 10 12 14 16 18
Pairwise difference
(¢) A. karakolicum
200 —a&— Observed
180 1 Simulated
160 A p=0.115
140 A r=0.077
>
Q
=
Q
=
o
1
[s3

10 12 14 16 18 20

0 2 4 6 8
Pairwise difference

(b) A. nemorum

140 4
—&— Observed
120 A Simulated
| p=0.442
100 r=0.083
g 80
5} 4
é‘; A
© 60 A
= \
40
20 A
0 . . T Y
0 1 2 3 4

Pairwise difference

Fig. 2 The mismatch distributions of cpDNA for the three species; r represents the raggedness index and p represents the significance of a

simulation value greater than the observed value

karakolicum is present. Meanwhile, haplotype H12 only
observed in populations QTB and QTJ is nearer to the
haplotypes of A. soongoricum in the phylogenetic tree
(Fig. 4), and is ancestral to H13. A decreasing trend of
genetic variation from one area to another is usually
associated with species range expansion (Hewitt 2000).
Thus, based on the phylogenetic network and haplotype
spatial distributions, we infer that A. nemorum s. str.
experienced an expansion from west (Ili Valley) east-
wardly along the Tianshan Mountains. The high level of
genetic distance between populations QTB and QTJ
(Fig. 3) indicates that divergence between these and the
remainder of the species has continued for a lengthy per-
iod. Considering the multiple glaciations in the Tianshan
Mountains during the late Quaternary (Xu et al. 2010b), an
appropriate explanation for the spatial distribution patterns
of haplotypes might be that haplotype H12 expanded from
the Ili Valley to the location of population QTB and sur-
rounding regions during an interglacial period. However,
the western populations (FK, WLMQ and MNS) probably
contracted to the Ili Valley during the next glacial. The
present distribution of haplotypes has likely resulted from
expansion from the Ili Valley and from population QTB to
the east during interglacials. This status is similar to find-
ings for the D. naviculare species group (Zhang and Zhang

2012). The expansion time of that species was estimated as
190-63.35 thousand years ago, which includes the last
interglacial period (130-74 thousand years ago) (Nie et al.
1996). Palynological evidence from the Kansu Loess Pla-
teau and Caiwopu Lake, showing dominant components of
woody plants (41 %), indicates a warm-humid climate
during the last interglacial in the Tianshan Mountains
(Group of Comprehensive Survey for Xinjiang Resources
Development, Chinese Academy of Sciences 1989). This
favorable climate provided suitable habitats for A. nemo-
rum s. str. and promoted demographic expansion from west
to east during the last interglacial period.

Ili Valley, a biodiversity hotspot of Northwestern China
(Tang et al. 2006), located near the juncture between the
northern and southern branches of the Tianshan Mountains,
is shown to be a biotic glacial refuge where plants persist
during glacial periods (Zhang et al. 2008; Zhang and Zhang
2012). In terms of our genetic structure analysis, we can
infer that the Ili Valley and the area of the QTB population
were potential glacial refugia for the A. nemorum species
group.

Expansions for the A. karakolicum and A. soongoricum
populations were not supported by neutral tests and mis-
match distribution analysis (Fs > 0 and multimodal dis-
tributions). Although only three populations of A.
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8455

(a) A. nemorum s.str.

49.1°N

43.3°N

84.7°E

(b) A. soongoricum

84.7° 433°N

86.7°E

(¢) A. karakolicum

Fig. 3 Results of genetic landscape shape interpolation analysis (left)
for each of the three species. The x- and y-axes correspond to
geographic locations within the populations analyzed in the study, and

karakolicum were sampled in this study, the high intra-
populational genetic diversity of this species indicated that
it contracted to several refugia of the Ili Valley during the
glacial period and divergence in situ, and did not experi-
ence interglacial expansion, as evidenced by the high level
of genetic distance in the genetic landscape shape inter-
polation (Fig. 3).
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449°N

89.7°E

the z-axis shows genetic distances. The black rectangle in the right
map shows the locations of each of the study species

Genetic divergence at intra- and inter-specific levels
in the A. nemorum species group

The estimated divergence time of A. soongoricum (Clade
1) from the other two clades ranges from 11.74 to
3.88 million years ago (Fig. 4), while that of Clade 2 and
Clade 3 was from 545 to 1.79 million years ago.
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Fig. 4 BEAST Bayesian
divergence time estimates of the
Aconitum nemorum species
group based on combined #rnS-
trnG and psbA-trnH cpDNA
sequence data. The values
above the branching points
represent the range of
divergence time (in million
years ago); the values below
represent posterior probabilities,
and those larger than 0.5 are
shown. The red, yellow and
green haplotype names
represent haplotypes belonging
to A. soongoricum, A.
karakolicum and A. nemorum s.
str., respectively
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Haplotype divergences within the species began in the
Pliocene and mainly occurred at 1-0.064 million years
ago. The timescales of interspecies and intraspecies
divergence should at least be generally associated with
geological and climatic events in Northwestern China.
During the period of late Tertiary to early Pleistocene, the
Tianshan Mountains were intensively raised at the same
time as uplift of some parts of the northern QTP (Sun et al.
2004; Wang 2010). The rapid uplift of the Tianshan
Mountains not only changed the topography but also
resulted in enhancement of aridity in the surrounding
region. Later, accelerated drying occurred in this area at
0.6-0.2 million years ago, as shown by evidence from
loess sediments at Dongwanzhen in Shawan County on the
northern slope of the Tianshan Mountains (Shi et al. 2006).
Glacial advances resulted in a dry and cold climate in the
Tianshan Mountains during the last glacial period (Xu et al.
2010b), and increased dryness may have been the reason
for the lack of expansion among the study species sub-
sequent to the Pleistocene.

The consistent timing between the molecular dating and
geological events and Quaternary climatic fluctuations
suggests that complex historical events occurring in mon-
tane habitats have promoted genetic divergence, local

0.71

Delphinium elatum

adaptation, speciation and dispersal of the A. nemorum
species group. A. soongoricum is mainly distributed in the
eastern and northern Tianshan Mountains (also called the
Western Dzungaria Mountains), while A. nemorum s. str.
and A. karakolicum are distributed in the central part. A.
soongoricum does not overlap in distribution with the other
two species. Rapid uplift of the Tianshan Range during the
late Tertiary would likely have been the cause of the sep-
aration of the three species. Our phylogeographical history
of the A. nemorum species group is somewhat similar to
those of other taxa occurring along the Tianshan Moun-
tains, for instance, the Bufo viridis subgroup (Zhang et al.
2008) and the D. naviculare species group (Zhang and
Zhang 2012), which have relationships to mountain uplift
and Quaternary glaciation.

In conclusion, we report phylogeographic structure and
divergence times for the A. nemorum species group, and
show that geographical isolation and the limited dispersal
ability of seeds have resulted in restricted gene flow at
inter-specific and intra-specific levels. In the intervals
between glaciations in the Tianshan Mountains during the
late Quaternary, A. nemorum s. str. underwent at least two
periods of eastward expansion from glacial refugia.
Ancient geological and climatic events thus likely affected
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the evolution and current distribution of the A. nemorum
species group. Genetic divergence among the three species
from late Tertiary to early Quaternary appears to have been
driven principally by rapid uplift of the Tianshan Moun-
tains. The cold-dry to warm-humid climatic cycles during
the late Quaternary are inferred to have promoted genetic
divergence within the species.
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