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a b s t r a c t

Lagochilus occurs in the arid zones across temperate steppe and desert regions of Northwest China. Cool-
ing with strong dessication in the Pleistocene, along with rapid uplift of mountain ranges peripheral to
the Qinghai-Tibet Plateau, appear to have had major impacts on the genetic structure of the flora. To
understand the evolutionary history of Lagochilus and the divergence related to these past shifts of hab-
itats among these regions, we sequenced the plastid intergenic spacers, psbA-trnH and trnS-trnG from
populations throughout the known distributions of ten species of the genus. We investigated species-
level phylogeographical patterns within Lagochilus. Phylogenetic trees were constructed using Neigh-
bor-joining and Bayesian inference. The divergence times of major lineages were estimated with BEAST
and IMa. Genetic structure and demographic history were inferred by AMOVA, neutrality tests, mismatch
distribution, and Bayesian skyline plot analyses. The results showed that most chloroplast haplotypes
were species-specific, and that the phylogeny of Lagochilus is geographically structured. The estimated
Bayesian chronology and IMa suggested that the main divergence events for species between major east-
ern and western portions of the Chinese desert occurred at the Plio-/Pleistocene boundary (ca. 2.1–2.8 Ma
ago), and likely coinciding with the formation of these deserts in Northwest China. The regional demo-
graphic expansions, in the western region at ca. 0.39 Ma, and in the eastern at ca. 0.06 Ma, or across
all regions at ca. 0.26 Ma, showed the response to aridification accompanied by cooling of the Pleistocene
sharply increased aridity in the Chinese deserts, which reflects a major influence of geologic and climatic
events on the evolution of species of Lagochilus. We suggest that diversification is most likely the result of
the past fragmentation due to aridification; the expansion of the range of species along with the deserts
was an adaptation to dry and cold environments during the Quaternary.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Global climate fluctuations, in particular the remarkable cli-
matic oscillations during the Quaternary, instigated repeated cy-
cles of habitat contraction–expansion and latitudinal-altitudinal
shifts of species’ distributions. These cycles have driven species
diversification, as evidenced by phylogeographical studies of many
plants and animals, especially in temperate zones of the Northern
Hemisphere (Hewitt, 2000; Petit et al., 2003). Phylogeography is a
relatively new discipline that examines the spatial arrangements of
genetic lineages, and infers phylogeographical patterns, as a pow-
erful tool for investigating processes that determine genetic
composition, especially within and among related species (Avise,
2000, 2009). This can untangle historical changes at various spatial
and temporal scales in the patterns of gene flow, isolation, demo-
graphic expansion, and secondary contact among divergent popu-
lations (Hewitt, 2001; Schaal and Olsen, 2000).

Currently, most plant phylogeographical studies in China have
focused on the Sino-Japanese Floristic Region of East Asia, which
harbors the largest amount of diversity among the world’s temper-
ate regions (Myers et al., 2000; Ying et al., 1993), and was the most
important glacial refuge for its Tertiary representatives (‘relics’)
throughout Quaternary ice-age cycles (Qiu et al., 2011). Studies
have investigated endangered or endemic species, especially con-
centrated in the areas of the Hengduan Mountains and Qinghai-Ti-
bet Plateau (QTP) (e.g., Cun and Wang, 2010; Jia et al., 2011; Li
et al., 2010, 2011; Zhang et al., 2011), which is referred to as the
core of the Himalayan hotspot, one of the greatest concentrations
of biodiversity in the world, due to its high level of species and gen-
eric richness (Myers et al., 2000; Ying et al., 1993).
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Comparatively, little is known about the effect of Quaternary
climatic oscillations on the species of arid Northwest China,
although there have been an increasing number of phylogeograph-
ical studies that address this issue or focus on other sections of the
country. Therefore, few studies have been undertaken concerning
the evolutionary history of arid-adapted plant species in these
regions. An interesting aspect of arid zones is that the
contraction–expansion dynamics of the species that have inhab-
ited them during the past climatic change cycles are expected to
differ from the dynamics of species in other areas, relating to the
aridity of glacial stages rather than to the presence of ice.

By the early Miocene, central parts of the QTP may have been
uplifted to present heights (Wang et al., 2008; Wu et al., 2008),
which compelled the retreat of the Tethys Ocean from Central Asia
and established the beginning of an arid climate (Guo et al., 2002,
2008; Sun et al., 2010). The size of the QTP was augmented through
time by successive uplift of peripheral areas, with probably
increasing climatic effects (Clark et al., 2005; Fang et al., 2005;
Lu et al., 2004). The cooling of the Pleistocene sharply increased
aridity in the Chinese deserts (Ding et al., 2005; Fang et al.,
2002). Rapid orogenic movements continued during the Pleisto-
cene in the Tianshan and other mountain ranges related to the
QTP which caused local rain shadows and promoted isolation
and divergence (Sun and Zhang, 2009).

Over a lengthy period from mid-Tertiary onwards, these
changes in and around the QTP made the climate of Northwest Chi-
na increasingly dry due to the obstruction of sea breezes from the
Indian Ocean, and because the East Asian monsoon from the Pacific
could not reach so far inland. Consequently, lack of precipitation
accelerated the formation of sandy desert, Gobi (rocky desert),
and loess (Guo et al., 2002). It notably led to expansion of the Tak-
limakan Desert of the Tarim Basin, the Gurbantunggut Desert of
the Junggar Basin, and Badain Jaran–Tengger deserts to the north
of the Hexi Corridor. Although the formation of these deserts had
begun much earlier, they increased in aridity and expanded dra-
matically during the Pleistocene (Yang et al., 2004, 2011). Com-
puter simulations also have suggested that expansion of deserts
in China during the Quaternary glacial stages was related to a de-
crease in the strength of the horizontal winds, enhanced atmo-
spheric subsidence, and reduced moisture transport (Bush et al.,
2004). These processes disrupted the migration of various biologi-
cal groups across arid zones, in comparison to other regions of the
world at the same latitude (Tingru, 1983; Zhang et al., 2000). The
Pleistocene aridification of Northwest China as a whole and expan-
sion of deserts on large scales (Fang et al., 2002; Sun, 2002b; Yang
et al., 2004, 2011), profoundly changed the hydrology and climate
of regions as well as playing a significant role in determining the
local geographic distribution and evolutionary history of plant
species. So far, a growing body of studies, based on pollen cores,
fossils, moraine and deposition of loess, have begun to elucidate
the possible roles of geology, multiple glaciations and climatic
oscillations in shaping the current geo-ecological system occurring
across the arid zones of Northwest China (Guan et al., 2011; Owen
et al., 2005; Sun, 2002b; Sun and Zhang, 2009; Wu et al., 2002).
However, the diversification and demographic history of plant
species that span the arid zones in Northwest China are still poorly
understood.

The genus Lagochilus is highly drought-tolerant, and is also con-
sidered as a typical montane plant, found across arid Northwest
China. It provides an excellent system for examining the potential
influence of geologic and climatic effects on range fluctuations and
diversification of species across the temperate steppe and desert
regions. Lagochilus was hypothesized to have a differentiation cen-
ter along the coasts of Tethys Ocean (Wu et al., 2003; Wu and Li,
1982), but this did not appear probable because the dessication
of interior Asia apparently occurred near the Oligocene-Meiocene
boundary (Guo et al., 2002), much earlier than a plausible time
of origin for the genus. Lagochilus contains 11 described species
in China, and most occur in the mountain ranges of the arid zones
(Li and Hedge, 1994). Two endemic species, L. lanatonodus and L.
xinjiangensis occur in the Tianshan Mountains. L. ilicifolius mainly
covers Inner Mongolia, Ningxia, Shaanxi and Gansu, a distribution
spanning desert steppe and grassland as well as sandy areas, and
thickets on gentle slopes in semidesert. One dominant species, L.
diacanthophyllus and other local species, L. hirtus, L. bungei, and L.
macrodontus are mainly distributed throughout the Altay Moun-
tains, whereas the other species, L. grandiflorus, L. platyacanthus
and L. kaschgaricus occur in the Ili (Yili) Valley and the Karakoram
Mountains. Most interesting, L. ilicifolius is disjunctive with the
other species in China. Lagochilus species are entomophilous,
perennial, herbaceous plants, and occur in niche habitats along
mountains and other sandy areas or edges of deserts. The dispersal
capabilities are limited; pollination occurs primarily via insects,
while seed dispersal is by gravity. As mentioned, the genus (or per-
haps its progenitors) is thought to have evolved from ancient sea-
side habitats, and most likely underwent rapid speciation during
the Quaternary (Wu and Li, 1982). Therefore, understanding the
phylogeographical history of Lagochilus will provide insights into
the diversification of desert plants triggered by the past geologic
and/or climatic changes in arid Northwest China.

Molecular markers have been used to study the evolutionary
history of many species around the world. Molecular evidence
has provided an effective approach, independent of fossil informa-
tion when detailed reconstruction of the evolutionary process of
plant species has been hampered by lack of fossil data, to untangle
the evolutionary history of species in phylogeographical studies
(Avise, 2000; Comes and Kadereit, 1998). Chloroplast DNA (cpDNA)
is maternally inherited in most angiosperm plants and is com-
monly considered a single, nonrecombinant unit of inheritance
(Hewitt, 2000; Liu et al., 2009; Lorenz-Lemke et al., 2010). Most
significantly, it is suitable for investigating the phylogeographical
processes associated with seed dispersal, such as range expansion
(Cruzan and Templeton, 2000), and the contribution of seed move-
ment to total gene flow (Orive and Asmussen, 2000; Song et al.,
2002). Genetic variation in the chloroplast genome is often geo-
graphically structured, and so it is a useful molecule to study re-
cent dispersal in plants (Petit et al., 1997). Especially using
cpDNA to estimate age in general for the problems of recombina-
tion and concerted evolution in nuclear markers could be avoided,
although phylogeographical inferences based solely on organelle
genes may not necessarily be representative of overall genetic as-
pects of the organisms.

Here, we infer the gene tree, the timing and extent of the range
fluctuations from cpDNA variation in Lagochilus plants as well as
the paleoclimatic and paleogeologic records in arid Northwest Chi-
na to determine species-level phylogeographical history. Specifi-
cally, the analyses enabled us to test (1) the phylogenetic
relationships between them and the times at which they diverged;
(2) the phylogeographical patterns and demography, in order to
determine how they were affected by cycles of range expansion
in association with climatic changes during the Quaternary.
2. Materials and methods

2.1. Taxon and sample collection

For the cpDNA survey, a total of 386 individuals were sampled
at 35 localities representing 10 species (Table 1, Fig. 1) throughout
the geographic distribution of Lagochilus in China. Morphological
data provides evidence that the genera Lagochilus and Panzeria
are both derived from Leonurus (Wu et al., 2003; Wu and Li,



Table 1
Details of the Lagochilus populations used in the study, sample sizes and cpDNA haplotypes observed. The abbreviations of IM, NX, SX, GS and XJ denote Inner Mongolia, Ningxia,
Shaanxi, Gansu and Xinjiang, respectively.

Species Collection site and code Geographical coordinates, altitude n cpDNA haplotype

L. ilicifolius 01. Sonid, IM/SNT 42�4600700N/112�4400900E,1096m 12 H7
02. Alxa, IM/ALS 38�4705300N/105�3701400E,1429m 12 H11, H12
03. Ruqigou, NX/RQG 38�5705100N/106�1402400E,1437m 12 H1
04. Helan Mts, NX/HL 38�4300500N/105�5903500E,1441m 12 H10
05. Lingwu, NX/DW 38�0701300N/106�5003600E,1391m 12 H8, H9
06.Yanchi, NX/YC 37�4403100N/107�1600200E,1419m 12 H7
07. Tongxin, NX/XMG 37�0702600N/106�2602700E,1521m 12 H2, H5
08. Qingtongxia, NX/NSS 37�4704300N/106�0300500E,1410m 12 H1, H4
09. Hongquan, NX/HQ 37�1402100N/105�1204700E,1796m 12 H3
10. Dingbian, SX/MGQ 37�2403500N/107�4403200E,1712m 12 H7
11. Hongliugou, SX/YJS 37�2701700N/107�1805200E,1491m 12 H6, H7
12. Jingtai, GS/JT 37�1405100N/104�0500100E,1601m 12 H1
13. Jingyuan, GS/QWS 36�5305600N 104�5501400E,1842m 12 H2
14. Huanxian, GS/TSP 37�0503000N/106�4704100E,1559m 12 H2

L. lanatonodus 15. Urumqi, XJ/WLB 43�3704500N/87�4304400E,1121m 12 H22, H25
16. Barkol, XJ/BLK 43�3301800N/93�0305700E,2271m 12 H22, H24
17. Yiwu, XJ/YW 43�1503200N/94�4105500E,1838m 10 H22, H23
18. Sayram lake, XJ/SLM 44�3400300N/81�2104300E,2221m 10 H22, H25, H26
19. Hejing, XJ/BLT 42�4504300N/86�1903100E,1840m 13 H22, H26

L. diacanthophyllus 20. Qinghe, XJ/QH 46�4101500N/90�2300800E,1482m 11 H13, H14, H15
21. Fuyun, XJ/FY 47�0302100N/89�3000900E,1211m 12 H13, H15, H16
22. Altay, XJ/ALT 47�5102000N/88�0504100E,1054m 12 H13, H15, H17
23. Jeminay, XJ/JMN 47�23048N/85�5601200E,1284m 12 H18,
24. Hoboksar, XJ/HF 46�4804200N/85�4804700E,1275m 10 H13, H18, H19
25. Wenquan, XJ/WQ 45�0100400N/81�0004600E,1421m 12 H18, H20, H21
26. Bortala, XJ/BL 44�5800300N/81�5203200E, 824m 10 H18, H20

L. grandiflorus 27. Tekesi, XJ/TKS 43�0901700N/81�5701900E,1449m 11 H13, H28
L. platyacanthus 28. Wuqia, XJ/JG 39�4900400N/74�0603900E,2730m 12 H13, H32
L. kaschgaricus 29. Artux, XJ/ATS 40�0003900N/76�0802000E,1889m 11 H33, H34

30. Wuqia, XJ/BY 39�4900800N/75�3701600E,2045m 13 H34
L. xinjiangensis 31. Urumqi, XJ/CWP 43�3202600N/88�0304400E,1323m 6 H22, H27
L. macrodontus 32. Karamay, XJ/KS 45�3904700N/84�5104400E, 679m 13 H13, H31
L. hirtus 33. Fuhai, XJ/FH 46�4403000N/88�0803900E, 736m 4 H29

34. Hoboksar, XJ/HF 46�4602200N/85�4501100E,1265m 8 H29
L. bungei 35. Fuyun, XJ/FY 46�5901200N/89�4602000E,1351m 4 H30
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1982). Thus, Panzeria alashanica Kupr. and Leonurus turkestanicus V.
Krecz. et Kupr. were used as outgroups in the analyses. Species
were identified using the key in Flora of China (Li and Hedge,
1994). The latitude, longitude and altitude of each sampling site
were recorded using GPS. Sampled individuals were separated by
at least 50 m to avoid the collection of clones or close relatives.
Young and healthy leaves were sampled randomly, and quickly
dried in silica gel in the field then subsequently stored frozen until
DNA was extracted. Voucher specimens from each sampling site,
and the outgroup taxa, were deposited in the XJBI (Herbarium of
Xinjiang Institute of Ecology and Geography, Chinese Academy of
Science, Urumqi, Xinjiang).
2.2. Laboratory protocols

Total genomic DNA was extracted from silica-gel-dried leaves
tissue using a modified cetyltrimethylammonium bromide (CTAB)
protocol (Cullings, 1992). Preliminary screening of the genetypes of
DNA sample were scored using 7 cpDNA segments (atpB-rbcL,
rpoB-trnC, rps12-rpl20, rps16, trnL-trnF, trnS-trnG and psbA-trnH)
and 1 nuclear gene segment ITS (rRNA internal transcribed spac-
ers) from representative samples of the species. We found that
only the cpDNA intergenic spacers trnS-trnG (Hamilton, 1999)
and psbA-trnH (Sang et al., 1997) showed higher levels of variation
among the surveyed loci, and were befitting to amplify and se-
quence in the analyses, however, the other primers found no, or ex-
tremely low levels of diversity.

Thus, large-scale screening of haplotypes variation was then
performed on all individuals’ DNA samples in populations. Poly-
merase chain reactions (PCR) were performed in a total volume
of 30 ll reactions. The PCR mixtures contained of 1.5 ll of
10 � PCR reaction buffer, 1.5 ll of 25 mM MgCl2, 1.2 ll of each pri-
mer at 50 ng/ll, 2.4 ll of 2.5 mM dNTP solution in an equimolar ra-
tio, 0.6 ll of Taq DNA-polymerase and 2 ll of genomic DNA at 5 ng/
ll. The PCR amplifications were performed as follows: an initial
denaturation step at 95 �C for 2 min., followed by 30 cycle of dena-
turing 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.; PCR prod-
ucts were examined with gel electrophoresis using a 0.8% agarose
gel in a 0.5 � TAE (pH 8.3) buffer, and then stained with EB (ethi-
dium bromide) to confirm single products. PCR products were
purified using the QIAquick Gel Extraction Kit. The same primers
were used for sequencing in Sangon Biotech (Shanghai) Co., Ltd.,
China.

The DNA sequences were edited using SeqMan (Lasergene,
DNASTAR Inc., Madison, Wisconsin, USA), and consensus se-
quences were obtained from each individual. Multiple sequence
alignment was carried out in Clustal X 1.81 (Thompson et al.,
1997), and refined and adjusted manually.
2.3. Data analyses

2.3.1. Sequence diversity
Basic sequence statistics and molecular indices, such as number

of haplotypes, polymorphic sites, haplotype diversities (h) and
nucleotide (p) diversities as well as the analysis of molecular var-
iance (AMOVA) among the major regions were obtained with
ARLEQUIN version 3.1 (Excoffier et al., 2005). The relationships
among haplotypes from all populations were also estimated with
the Network version 4.6.0.0 program using the Median-Joining



Fig. 1. Map of sample sites for ten species of Lagochilus in arid Northwest China. Location details are given in Table 1, and locality numbers correspond to those in Table 1.
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method (Bandelt et al., 1999). The network represents genealogical
relationships among haplotypes, even in case of shallow genetic
divergence, which tree-building methods (e.g., NJ and BI) do not al-
ways detect. In these analyses, all sequences, representing all hap-
lotypes and outgroups were deposited in NCBI GenBank under
accession numbers JX014468-JX014489, JX014502-JX014523 and
JN375724-JN375751.

2.3.2. Molecular variability population genetic structure
The geographical structure of genetic variation was assessed by

AMOVA using ARLEQUIN version 3.1 (Excoffier et al., 2005). In
addition, a spatial analysis of molecular variance also implemented
in the program SAMOVA version 1.0 (Dupanloup et al., 2002) to de-
fine partitions of sampling sites that are maximally differentiated
from each other without any a priori assumption about population
structure. This program implements a simulated annealing ap-
proach to gather geographically homogenous populations to match
the user defined number of groups (K), FCT value was given for
every calculation. We performed these analyses for the range of
2 6 K 6 20, starting from 100 random initial conditions for each
run. Finally, the number of groups that maximizes the proportion
of total genetic variance among groups of populations (FCT) was re-
tained as the best grouping of populations. So, we chose the num-
ber of groups with the highest FCT value.

HAPLONST was used to estimate within population diversity
(hS) and total gene diversity (hT). A pattern of isolation by distance
(IBD) was also assessed by testing the correlation between the ma-
trix of pairwise population differentiation statistics (FST) values and
the matrix of geographical distances between pairs of populations
using a Mantel test (10,000 permutations) implemented in the
MANTEL version 2.0 package (Liedloff, 1999).
2.3.3. Phylogenetic analyses and estimate of divergence time
The phylogenetic relationships and divergence time analyses

among all haplotypes found in all species of Lagochilus were in-
ferred as follows, using Panzeria alashanica and Leonurus turkestani-
cus as outgroups.

Our preliminary sequence analyses found poly-A/T regions and
small inversions to be highly variable and homoplasious as de-
scribed previously (Kelchner, 2000; Kim and Lee, 2005); thus, they
were not included in further analyses. The two linked cpDNA inter-
genic spacers were concatenated and analyzed as one sequence in
this study.

The phylogeny reconstruction based on the combined sequence
matrix was performed in both Neighbor-joining (NJ) and Bayesian
inference (BI). The NJ analysis was conducted with MEGA version
4.0 (Tamura et al., 2007), incorporating Kimura’s 2-parameter
model of DNA evolution (Kimura, 1980). To evaluate clades sup-
port, 1000 bootstrap replicates (Felsenstein, 1985) were performed
using fast heuristic search and tree bisection-reconnection (TBR)
branch swapping. BI analysis was conducted using MrBayes ver-
sion 3.1.2 (Ronquist and Huelsenbeck, 2003). The best substitution
model for BI analysis was identified using the Akaike Information
Criterion (AIC) (Kelchner and Thomas, 2007), which is determined
via Modeltest version 3.7 (Posada and Crandall, 1998). The Markov
chain Monte Carlo (MCMC) algorithm was run for 2,000,000 gener-
ations, with four incrementally heated chains. The analysis in-
volved starting from a random tree and sampling every 1000
generations. The first 10% of trees were treated as burn-in, and dis-
carded. The remaining trees were used to construct a Bayesian con-
sensus tree.

Approximate divergence times were estimated using a Bayesian
approach with the software BEAST version 1.5.4 (Drummond and
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Rambaut, 2007). BEAUti was used to set criteria for the analysis.
We used the AIC estimated by Modeltest version 3.7 (Posada and
Crandall, 1998) and the Bayes Factor (BF) calculated by Tracer ver-
sion 1.5 to check for convergence of MCMC and adequate effective
sample sizes (ESSs) (>200) after the first 20% of generations had
been discarded as burn-in. The MCMC simulation was run for
10,000,000 generations, and trees were sampled every 1000 gener-
ations. In addition, the settings used a Yule tree prior, an HKY sub-
stitution model with four gamma categories and the uncorrelated
log-normal relaxed clock. The final joint sample was used to esti-
mate the maximum clade credibility tree using TreeAnnotator ver-
sion 1.5.2 (part of the BEAST package) with a burn-in of 1000 trees.
Final trees were evaluated and edited in FigTree version 1.3.1. Sta-
tistical support for the clades was determined by assessing the
Bayesian posterior probability. Substitution rates and the 95%
highest posterior densities (HPDs) were determined with Tracer
version 1.5 in combined runs. The divergence times are given as
the mean and the 95% HPDs in millions of years. The 95% HPDs
intervals defines the precision of estimation.

An Isolation-with-Migration (IM) model of population structure
was fitted to the two major groups of the East and West region
populations with the software IMa2 (Hey, 2010), aiming at estima-
tion of divergence time between the 14 populations in the East and
21 populations in the West. To obtain reasonable and consistent
results, ten independent runs of IMa analyses were performed,
each with a different random seed. All analyses were conducted
under the HKY model as recommended for cpDNA. We checked
effective sample sizes throughout the run and compared results
to assess convergence. The burn-in period was set to 100,000 iter-
ations. We chose mutation models and at least three runs with
ESS > 50 were compared to ensure convergence. We only trusted
estimates whose posterior distribution dropped to zero within
the prior intervals investigated. Finally, the Poisson model of muta-
tion implemented in coalescent analyses accounted for random-
ness of the mutation process, and thus potentially for its non-
clock behavior.

In this study, we used published nucleotide substitution rates of
0.28% Myr�1 in accordance with the substitution rate of psbA-
trnH + trnS-trnG spacers in Petunia (Lorenz-Lemke et al., 2010), be-
cause there are neither fossil records nor specific substitution rates
available by which to calibrate a molecular clock. Although these
estimates are provisional and should be interpreted with caution,
they provide approximations that allow us to hypothesize possible
scenarios under which lineages would have diverged.

2.3.4. Demographic analyses
Demographic history was initially explored using mismatch dis-

tribution analysis (MDA), which represented the frequency distri-
bution of pair-wise nucleotide differences among all haplotypes
in the population(s) (Rogers and Harpending, 1992). A population
in demographic equilibrium is characterized by multi-model mis-
match distributions, whereas populations that have experienced
recent demographic expansion should show smooth uni-model
distributions. We conducted this analysis to test for demographic
patterns in the major regional groups.

Demographic expansion was also inferred from three parame-
ters: h0, h1 (h before and after the population growth) and s (time
since expansion measured in units of mutational time) (Rogers,
1995). These parameters (h0, h1 and s) were estimated by a general
nonlinear least-squares approach using ARLEQUIN. The values of s
were transformed to estimate the real time since expansion with
the equation s = 2 ut, where u is mutation rate for the whole se-
quence under study, and t is the time since expansion in generations.
The value u was calculated from the formula u = 2 lk, where l is the
mutation rate per nucleotide and k is the number of nucleotides as-
sayed (k = 1102 in this study). In addition, we used Tajima’s D test
(Tajima, 1989) and Fu’s FS test (Fu, 1997) as implemented in ARLE-
QUIN to detect evidence of a recent demographic expansion within
each inferred biogeographical region. The significance of deviation
from value was tested with 10,000 bootstrap replicates.

However, MDAs and neutrality tests sometimes cannot take full
advantage of historical signals within DNA data because they rely
solely on segregating sites and haplotype patterns (Fitzpatrick
et al., 2009). To obtain estimates of changes in demographic growth
over the history of major areas, the historical demographic dynam-
ics of Lagochilus were inferred from Bayesian skyline plot (BSP) anal-
yses using BEAST (Drummond et al., 2005). The BSP analyses are
preferred because multiple loci are used to estimate effective popu-
lation size through time. Linear and stepwise models were explored
using an uncorrelated lognormal relaxed clock. Runs consisted of
20,000,000 generations, with trees sampled every 1000 generations.
The BSP was visualized in the program Tracer, which summarizes
the posterior distribution of population size over time.
3. Results

3.1. Sequence characteristics and within-population genetic diversity

Sequence analyses of Lagochilus resulted in an aligned fragment
length of 375 base pairs (bp) of psbA-trnH and 727 bp of trnS-trnG
intergenic spacers. The concatenated chloroplast spacer is A/T rich,
with an average content of 68.49%, and these data are consistent
with the nucleotide composition of most noncoding spacers and
pseudogenes, because of low functional constraints (Li, 1997). In
relation to base substitutions and length variation character states,
there are 37 variable sites, including 2 singleton variable sites, and
35 parsimony informative sites. From all variable sites a total of 34
haplotypes were identified from the Lagochilus plants analyzed
(Table 1 and Fig. 2). Table 3 shows basic genetic data and statistics
for all species in the major regions that were studied.
3.2. Population genetic and phylogeographical structure

Spatial genetic analyses of cpDNA haplotypes in 35 populations
using SAMOVA indicated that FCT increased to a maximal value of
0.90963 when K = 2 (K, the number of groups). When K was varied
from 2 to 6, the values indicated smooth trends, but for K from 7 to
20, the values show a downturn. For K = 2, 3, 4, 5, 6, 7, the values of
FCT = 0.90963, 0.90844, 0.90166, 0.90861; 0.90333, 0.89622,
respectively. So the division by SAMOVA of the chlorotypes of all
the 35 sampled populations into two groups is appropriate. The
grouping pattern of populations corresponding to K = 2 is: (1) pop-
ulations 1–14, belonging to the East region of the arid zones in
Northwest China, including Inner Mongolia, Shaanxi, Gansu and
Ningxia; (2) populations 15–35 belonging to the west region of
the arid zones in Northwest China, mainly in Xinjiang, the arid cen-
ter of Central Asia. Differentiation among population based on
cpDNA variation, HAPLONST indicated that within-population
gene diversity (hS) was 0.321 (SE 0.0238), and total gene diversity
(hT) was 0.952 (SE 0.0562).

The results of the AMOVA are presented in Table 2. Most of the
total variation (71.24%, P < 0.001) was explained by differences
among populations. There was a significant (46.91%, P < 0.001) var-
iation between regions (east and west), suggesting that the two
separately distributed groups have a strong genetic differentiation.
Results of the Mantel test showed a significant correlation between
the pairwise estimates of FST and the natural logarithm of the geo-
graphical distances (r = 0.542; P = 0.0001), indicating high genetic
structure, and that genetic differentiation and geographical dis-
tance were significantly correlated, implying strong isolation by
distance (IBD).



Fig. 2. Geographical distribution of 34 cpDNA haplotypes recovered from Lagochilus populations from Northwest China. The pie charts reflect the frequency of haplotype
occurrence in each population. Haplotype colours correspond to those shown in panel.

Table 2
Results of the analysis of molecular variance for 35 populations of Lagochilus grouped in two geographical regions (East region and West region) based on cpDNA trnS-trnG and
psbA-trnH sequence data.

Source of variation d.f. Sum of squares Variance of component Percentage of variance (%)

Among populations (total) 34 425.339 1.49419 71.24**

Within populations (1–14) vs (15–35) 361 301.948 0.91745 28.76**

Among groups 1 117.138 0.86559 46.91**

Among populations within groups 33 308.201 0.01822 4.05
Within populations 361 301.948 0.91745 49.04**

** p < 0.001.
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3.3. Phylogenetic and genealogical relationships of cpDNA haplotypes

BI and NJ analyses yielded essentially identical topologies, but
only the NJ tree is presented here, for higher resolution. Relation-
ships among all identified haplotypes (Fig. 3A) were very similar
with the topology presented by a haplotypic network (Fig. 3B).
The phylogram showed the most basal divergence of all haplotypes
is presented in Fig. 3A. The phylogenetic relationships of ingroup
haplotypes of Lagochilus were well-resolved and two main haplo-
type groups can be recognized on the tree that all clades with high
bootstrap values (BP) in the NJ analysis and high posterior proba-
bility (PP) values in the BI analysis. Two main clades can be recog-
nized on the phylogeny, an East region clade and a West region
clade. The East region clade includes L. ilicifolius which is restricted
in Inner Mongolia, Ningxia, Shaanxi and Gansu. The West region
clade contains the haplotypes of the other species, L. diacanthophyl-
lus, L. hirtus, L. bungei, L. macrodontus, L. kaschgaricus, L. platyacan-
thus and L. grandiflorus, and two endemic species (L. lanatonodus
and L. xinjiangensis) which are restricted in Xinjiang. In the analy-
ses of phylogenetic and taxonomic relationships of chloroplast
haplotypes, all are not species-specific. Often more than one haplo-
type was found in a single species, whereas several closely related
species often share the same haplotype (Table 1 and Fig. 2). For in-
stance, 12 haplotypes (H1 to H12) were found in L. ilicifolius, 9 hap-
lotypes in L. diacanthophyllus, and 5 haplotypes in L. lanatonodus.
On the other hand, one haplotype presents in closely related spe-
cies. For instance, L. macrodontus, L. platyacanthus, L. grandiflorus,
and L. diacanthophyllus share the same haplotype (H13). Given
these information, species of Lagochilus in China are not recipro-
cally monophyletic. The haplotypic network for all species is more
similar to an intraspecific topology with two lineages than an
interspecific topology, and some haplotypes from L. hirtus, L. bungei
and L. kaschgaricus are dispersed in the network. The detailed
information concerning each species is provided in Table 1, Figs. 2
and 3.

3.4. Molecular dating and historical demography of major lineages

Estimates of divergence times were carried in the program
BEAST. The ESS values were over 200 for all the nodes discussed



(A) (B)

Fig. 3. The evolutionary relationships among cpDNA haplotypes of Lagochilus. (A) NJ phylogenetic tree for the 34 cpDNA haplotypes of Lagochilus. Numbers above branches
are support values from bootstrap resampling/Bayesian inference. (B) Median-joining network. Sizes of the circles are proportional to the overall frequency of the haplotypes
in the entire sample of all ten species.
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as follows. These age estimates suggested that the separation of
Lagochilus from its possible ancestor, the genus Leonurus, occurred
at ca. 6.3 Ma (Fig. 4). Subsequently, the East region and West region
clades diverged at ca. 2.1 Ma; or the IM model analysis estimated
the divergence time between the East region and the West region
groups at ca. 2.78 Ma (HDP95Lo = 1.426, HDP95Hi = 3.998). De-
tailed information concerning each of the species separated was
shown in Fig. 4. These ancestral divergence events occurred be-
tween the late Tertiary and the late Pleistocene, which is in accor-
dance with the intensification of aridification in Northwest China
resulting from glaciation.

The observed MDAs of Lagochilus based on cpDNA revealed sim-
ilar results with those of the BSP analyses. MDAs of Lagochilus were
established for the two major sampling areas and all populations,
the results of which are presented in Fig. 5. Three MDAs were close
to an expected Poisson model, and also Tajima’s D and Fu’s FS
statistics were negative despite not being significant (Table 3),
which suggest that overall, east and west regions display unimodal
distributions. Combined with the neutrality tests, these indicate a
significantly simulated expansion model. Based on the correspond-
ing s value (Table 3), and the generation time (as a short lived des-
ert plant, the generation time for of Lagochilus is possibly 1 year), it
was calculated that for the East region, the time of demographic
expansion occurred ca. 0.06 Ma ago, whereas it was at ca.
0.39 Ma ago for the West area, and ca. 0.26 Ma ago for all regions
together.

Furthermore, BSP analysis of the East region does not show a
significant distribution, but does not allow the rejection of the null
hypothesis of population expansion. The MDA of the East region is
unimodal and significant, consistent with a model of expansion,
suggesting historical demographic expansion. Generally, BSP indi-
cated that the study area underwent distinct population expansion



Fig. 4. Bayesian divergence time estimates of Lagochilus based on the combined cpDNA sequence data from two plastid gene markers (psbA-trnH, trnS-trnG). The blue bars on
the nodes indicate 95% posterior credibility intervals.
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or shrinkage, and specifically in this study, gave evidence of demo-
graphic expansion. According to the BSP analyses and the available
value of 0.28% Myr�1, since the x-axes in the BSP are in units of
substitution per site and can thus be transformed to years before
present by dividing using the mutation rate, it appears that all of
the regions experienced an expansion beginning at ca. 0.3 Ma,
whereas for the east and west regions, the corresponding expan-
sion times were at ca. 0.08 Ma and ca. 0.4 Ma, respectively.
4. Discussion

4.1. Genetic structure in relation to Lagochilus populations

In this study, the results illustrate significant genetic divergence
and a highly structured phylogenetic and phylogeographical signal
for populations and species of Lagochilus (Fig. 3 and Table 2). In fact,
SAMOVA analysis identified two well defined groups corresponding
to east and west region populations at every level of divergence. In
addition, the assessment of areas where the cpDNA haplotype fre-
quency changes and genetic barriers are more robust, due to the ex-
tremely dry environment in the desert (e.g., Bardain–Jaran Desert,
Tengger Desert) separating the east and west regions, this must be
regarded as a significant barrier. Our results demonstrate that the
expansion of intervening deserts may have increased genetic isola-
tion between the east region and west region Lagochilus popula-
tions. Given that the result of Mantel test suggested a pattern of
isolation by distance, this indicates that the vast desert area did ob-
struct gene flow and affect the phylogeographical history of the spe-
cies. The important result of our study is that there is significant
genetic differentiation among Lagochilus populations between east
and west region, these populations are geographically structured
according to an IBD pattern. The habitats of Lagochilus are either in
or near deserts of aridity, in which past fragmentation due to
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Fig. 5. Historical demography of Lagochlius inferred from cpDNA sequences. (A) Pair-wise mismatch distribution analyses (MDAs) for major geographical regions. (B)
Bayesian skyline plots (BSPs) for the same regional groups, showing effective population size as a function of time.

Table 3
Molecular diversity indices, neutral tests and demographic estimates from two major regions and all regions of Lagochilus plant.

Group Na hb Hd
c pd Tajima’s D (P) Fu’s FS (P) h0

e h1
f sg SSDh

East 144 12 0.882 0.0016 �0.1942 (0.12) �0.0029 (0.726) 0.00858 14287 0.7465 0.05570
West 242 22 0.905 0.0059 �0.9968 (0.17) �4.6997 (0.047) 0.04298 23810 4.9341 0.25260
All 386 34 0.933 0.0067 �0.6128 (0.28) �3.3474 (0.052) 0.07722 42426 3.2091 0.17384

a Sample size (N).
b Number of haplotypes (h).
c Haplotype diversity (Hd).
d Nucleotide diversity (p).
e Pre-expansion population size (h0).
f Post-expansion population size (h1).
g Time in number of generations, elapsed since the sudden expansion episode (s).
h The sum of squared differences (SSD).
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aridification might promote the differentiation. Moreover, the result
is not surprising because the vegetation is compact in relative moist
place, and potential barriers to gene flow are numerous (e.g., lack of
water restricts the dispersal ability of the seeds porter, extreme
drought makes the plants cannot survive).
Assuming maternal inheritance of cpDNA in most angiosperms
and disperses only through seeds, a highly divergent genetic struc-
ture is thought to be due to limited seed dispersal (Petit et al.,
2003). So the spatial scale of cpDNA genetic differences among
populations is a direct estimate of previous seed dispersal that
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led to plants being established. In arid Northwest China, oasis or
the edge of desert provides habitats and environmental conditions
that support thousands of desert plants. However, aridification cre-
ates a mosaic landscape in arid zones and fragments, which be-
come the source of future plants populations. Fragmentation
restricts the movement of pollen and seed dispersal, modifying
the gene flow and altering historical patterns of genetic subdivi-
sion. Lagochilus are typical montane plants, which genetic structure
is largely dependent upon the dispersal ability of the seeds. On the
basis of the phylogenetic analysis, we investigated the phylogeo-
graphical patterns and population structure of Lagochilus in two
geographical regions and over all regions respectively. Genetic dif-
ferentiation among populations within groups was high, as well as
among groups. However, differentiation in population was low,
which suggested no restricted gene flow within populations, but
there is restricted gene flow among populations and groups. In
Northwest China, Lagochilus grows are under extreme drought con-
dition, including deserts, sandy regions, and semidesert grasslands.
In these environments, heavy wind and lack of water during the
flowering phase would restrict the dispersal capacity of seed dis-
persers, and most of seeds dispersal is constrained by gravity (by
field observation), likely resulting in most seed transfer being con-
fined to short distances.
4.2. Phylogenetic implications and possible past scenarios

Analyses of the combined cpDNA matrix support the mono-
phyly of two clades, representing an East region and a West region
(Fig. 3A), and the phylogenetic relationships among all haplotypes
shows an overall congruence with the result of the haplotype net-
work (Fig. 3B). All haplotypes are split into two major groups
according to cpDNA data, are subdivided in the chloroplast phylo-
gram as well, and chloroplast haplotypes of the species of these
sections belong to well-separated chloroplast lineages of the net-
work. However, our comprehensive sampling showed that assess-
ing the species-level relationships in our study group is
complicated by the fact that not all chloroplast haplotypes are spe-
cies-specific. Incongruence between the species boundaries and
the genealogy of their chloroplasts is illustrated by sharing of a sin-
gle chloroplast haplotype (e.g., H13) among four species. On the
other hand, several haplotypes were found within single species
(Table 1 and Fig. 2). Despite the fact that chloroplast haplotype dis-
tribution does not strictly follow species circumscription, and sev-
eral haplotypes were found within single species, sharing distantly
related haplotypes was not a common phenomenon in Lagochilus.
Also, an association of chloroplast haplotypes with geographically
circumscribed regions rather than with taxonomic boundaries is
a phenomenon observed in L. xinjiangensis and L. lanatonodus.
Molecular data, along with information on the morphotaxonomic
difference of the calyx teeth (4 or 5 in L. xinjiangensis and 5 in L. lan-
atonodus) and the geographic distribution of these two species,
indicate inconsistencies with species delimitation. The sharing of
haplotypes and lack of reciprocal monophyly of species might be
explained by the persistence of ancestral polymorphisms during
speciation events and/or exchange of genes by interspecific hybrid-
ization. These two species have the same habitat and the same per-
iod of flowering, and possible visitation by the same pollinators in
the absence of physiological or genetic reproductive barriers,
might have enabled hybridization events. Nonetheless, further
work on chromosomes and the sequencing of additional genomic
regions, especially nuclear gene regions, are needed to make more
in-depth conclusions about the hybrid status of these taxa. Thus,
the presence of network-based approaches, combined with tree-
based analysis methods, perform well in situations where complex
relationships among haplotypes exist.
Estimated times of divergence indicated that Lagochilus was de-
rived from the possible ancestral genus, Leonurus, at ca. 6.3 Ma;
and the sister relationships between east and west regions formed
at ca. 2.1 Ma according to BEAST, similar to IMa which gave ca.
2.8 Ma, when the distribution between east and west clades be-
come disjunctive (Fig. 4). Disjunctions in Eurasia have been out-
lined within many plant genera (Sun, 2002a), we propose that
major factor leading to the vicariance of Lagochilus between the
east and west regions might be postulated to be the initiation
and expansion of the Badain Jaran–Tengger deserts, which fol-
lowed cooling of the climate in the late Tertiary and early Pleisto-
cene. The divergence times indicate that genetic divergence among
most Lagochilus species occurred in Pleistocene. Although caution
is needed in interpreting these results because of the poor palae-
o-geographical data and fossil records, the estimated timescale
for the inferred historical events is congruent with known geolog-
ical and climate scenarios for the geographical areas. The QTP
underwent about four or five periods of glaciations between 4.43
and 1.21 Ma (Shi, 2002; Zheng and Rutter, 1998). These palaeocli-
matic conditions inferred from glacial landforms indicate the
important relationships: the mid-latitude westerly originating
from northern Atlantic and Mediterranean was weakened by the
uplift of QTP, and Siberian high pressure weakened the Asian mon-
soon (Xu et al., 2010), which aggravated the dry and cold condi-
tions in arid zones. As in other regions in the Northern
Hemisphere, the late Quaternary climate in the Tianshan Moun-
tains was generally cold-dry during glacial times and warm-humid
during interglacial times. The successive enhancement of cold and
dry conditions during that time period in Northwest China helped
expand deserts of this region (e.g., Badain Jaran and Tengger De-
serts), which most likely impelled Lagochilus to split into two inde-
pendently evolving clades. The mixed and complex effects of
mountains forced rapid genetic divergence, local adaptation, speci-
ation and dispersal of Lagochilus plants across the mountain ranges
of Northwest China, especially the origin and dispersal of endemic
species, L. xinjiangensis and L. lanatonodus. The East region clade
was restricted along the edges of deserts, which intensified in
the arid zones of Northwest China ca. 0.85 Ma (Guan et al.,
2011), and this desertification might have triggered the diversifica-
tion of L. ilicifolius (Meng and Zhang, 2011). All of these are sup-
ported by the inference of Bayesian divergence time estimates
(Fig. 4). After its origin in the latter Miocene, Lagochilus differenti-
ated and evolved rapidly, accompanied by the orogeny of the Tian-
shan and other ranges associated with the northern QTP (Wu et al.,
2003; Wu and Li, 1982).The divergence times estimated are con-
gruent with other paleogeologic and paleoclimatic studies, how-
ever, limitations on our abilities to estimate accurate divergence
times also limit the robustness of inferences; these inferences
should be accepted with caution and, as hypotheses, remain open
for testing and refinement by future studies.

4.3. Historical demography of the major Lagochilus lineages

Our analyses have revealed a complex phylogeographical his-
tory for Lagochilus, with different demographic processes affecting
each of the major geographic regions. Whereas inferred phylogeog-
raphy from the cpDNA has a restricted resolution on the time-span
of the Pleistocene, the integrated genealogies and frequency anal-
yses of haplotypes provide a novel insight into the demographic
history of the genus.

As with other plants having high levels of haplotype diversity
but moderate to low levels of nucleotide diversity, in Lagochilus
(Table 3), this pattern is mostly attributed to expansion after a per-
iod of low effective population size, because rapid population
growth or expansion within a short history works against the accu-
mulation of large numbers of mutations (Avise, 2000). Further
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support for this can be found in MDAs of the number of nucleotide
differences detected across the major three regions (Fig. 5). This
pattern is widely considered to be the result of mutation drift dis-
equilibrium caused by explosive population expansion, and the
population growth was also likely associated with the aridification
in Northwest China following desert expansion.

The all-region grouping contains the greatest nucleotide diver-
sity and average number of pairwise differences across the se-
quences, a finding that is characteristic of regional population
groups with long evolutionary histories and relatively moderate
demographic fluctuation based on MDAs and BSP analyses. Based
on current patterns of genetic variation, along with the results of
demographic analyses, we propose that regional demographic
expansion of the species probably resulted from the large deserts
that developed during the Pleistocene in Northwest China. These
regions were characterized by intense arid conditions due to the
presence of the QTP and Pleistocene cooling, which affected glacial
movement, desert and loess formation, and propelled the organ-
isms to migrate from the extremely cold and dry environments
to warmer and more humid habitats (Zhang et al., 2000). However,
drought-tolerant plants, such as Lagochilus, might have expanded
during such conditions, and therefore these may have driven rapid
speciation in the mountains or at the edges of deserts as adaption
to the environment during these geological events. For example,
the Gurbantunggut Desert expanded during the middle Pleistocene
(Ding et al., 2005; Sun et al., 1998). This enlargement perhaps final-
ly extended the demography and distribution areas of populations
of Lagochilus in Xinjiang. Similarly, the Badain Jaran and Tengger
Deserts enlarged greatly during the middle Pleistocene (Guan
et al., 2011; Guo et al., 2002; Sun et al., 1998), ultimately isolating
the populations of the west region occurring in Xinjiang from those
in the East region in Northern China. We suggest that aridification
in Northwest China accelerated specific divergence as well as geo-
graphic range expansion of a few exceptional species throughout
these regions.
5. Conclusions

Our cpDNA phylogeographic reconstruction provides vivid evi-
dences that an overall congruence between the current geograph-
ical distribution of Lagochilus and effects of geology and climate on
evolution in arid zones of Northwest China. It is notable that the
primary genetic divergence of Lagochilus species occurred between
the late Miocene and middle Pleistocene, which was predomi-
nantly driven by the recent desert development resulting from ari-
dification in the region inland for the rapid uplifting of QTP.
Lagochilus diversification and demographic expansion in response
to aridification in the Quaternary have also significantly contrib-
uted to genetic variation as well as the speciation and dispersal
over different regional scales. Comparing with alpine plants, the re-
sponse of desert plants to the climatic oscillations in Quaternary
might not be synchronous with the expansion and contraction of
high latitude ice sheets, but rather, expansion of species range
mainly depended on the temperature and moisture requirements,
especially on drought-enduring ability. Desert, as a dynamic eco-
system, along with interactions between vicariance, dispersal and
habitat shift, often plays a significant role in genetic diversity
and geographic distribution pattern of species of Lagochilus. Our
study provides a useful case to understand the general biogeo-
graphic history of organisms in arid zones and gains new insight
into interspecific phylogeographic patterns of plant species. Princi-
pal geological effects generally lead to habitat modifications of ma-
jor biota within these regions, while climatic changes alter the
ecological composition of regional or local landscapes concomi-
tantly, which in turn, impose new selective pressures and/or
geographical isolation leading to genetic diversification, adaptation
and evolution of desert species in Northwest China.
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