2 New

N Phytologist

Researc

Geological and ecological factors drive cryptic speciation of yews
in a biodiversity hotspot

Jie Liu"?3, Michael Moller™*, Jim Provan’, Lian-Ming Gao', Ram Chandra Poudel*? and De-Zhu Li'*?

lKey Laboratory of Biodiversity and Biogeography, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming 650201, China; 2Plant Germplasm and Genomics Center,

Germplasm Bank of Wild Species, Kunming Institute of Botany, Chinese Academy of Sciences, Kunming 650201, China; *University of Chinese Academy of Sciences, Beijing 100049, China;

4Royal Botanic Garden Edinburgh, 20A Inverleith Row, Edinburgh EH3 5LR, UK; °School of Biological Sciences, Queen’s University Belfast, 97 Lisburn Road, Belfast BT9 7BL, UK

Authors for correspondence:
Lian-Ming Gao

Tel: +86 871 65223505
Email: gaolm@mail.kib.ac.cn

De-Zhu Li
Tel: +86 871 65223503
Email: dzI@mail.kib.ac.cn

Received: 6 March 2013
Accepted: 717 April 2013

New Phytologist (2013) 199: 1093-1108
doi: 10.1111/nph.12336

Key words: ecological differentiation,
Himalaya-Hengduan Mountains region,

Summary

e The interplay of orographic uplift and climatic changes in the Himalaya-Hengduan Moun-
tains region (HHM) have had a key role in speciation and population demography. To gain
further insight into these processes, we investigated their effects on Taxus wallichiana by
combining molecular phylogeography and species distribution modeling.

e Molecular data were obtained from 43 populations of T. wallichiana. Nineteen climatic
variables were analyzed alongside genetic discontinuities. Species distribution modeling was
carried out to predict potential past distribution ranges.

e Two distinct lineages were identified, which diverged c. 4.2 (2.0-6.5) million years ago
(Ma), a timescale that corresponds well with the recent uplift of the Qinghai-Tibet Plateau
and subsequent climatic changes of the region. Correlations with climatic variables also sug-
gest that ecological factors may have further reinforced the separation of the two lineages.
Both lineages experienced population expansion during the last glaciation.

e The high genetic divergence, long-term isolation and ecological differentiation suggest a
scenario of cryptic speciation in T. wallichiana associated with geological and climatic changes
in the HHM. Our findings also challenge the notion of general population ‘contraction’ during

population demography, speciation, species
distribution modeling, Taxus wallichiana.

Introduction

The origin and evolution of biodiversity is strongly linked with
many historical and ecological factors. These can include geologi-
cal and/or climatic processes such as continental drift, the uplift
of mountain chains, and climatic oscillations associated with ice
ages. The interaction of these processes can create new ecological
niches and thus provide opportunities for speciation. Indeed,
divergent selection and adaptation associated with different habi-
tats or ecological niches are increasingly viewed as a major cause
of speciation in plants (Rieseberg & Burke, 2001; Funk ezal.,
2006; Harmon eral., 2008). A range of ecological factors have
been proposed in driving speciation, including climatic variables
such as precipitation and temperature (see Givnish, 2010; Keller
& Sechausen, 2012; Wagner eral, 2012), and differential
climatic adaptation has been implicated in cases of incipient or
completed speciation events (Nosil ez al., 2005; Lowry ez al., 2008).

The Himalaya-Hengduan Mountains (HHM) region is consid-
ered a key biodiversity hotspot (Myers ez al., 2000). The region was
formed by the collision of the Indian continent with the Eurasian
plate 40-50 million yr ago (Ma) (Yin & Harrison, 2000), and the
consequent rise of the Himalaya and the Qinghai-Tibet Plateau
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the last glaciation in the HHM.

(QTP). Despite some controversy around the exact timing of the
formation of the QTP (e.g. Spicer et al., 2003), episodes of uplifts
continued throughout the late Pliocene (c. 3 Ma) and well into the
Quaternary (c. 2.6 Ma; Li & Fang, 1999). The rise of the QTP
modified global and East Asian climate dramatically (Ruddiman &
Kutzbach, 1989; Shi eral., 1998), triggering and intensifying the
Asian monsoon, which in turn profoundly influenced biological
processes in the QTP (Li & Fang, 1999). Present atmospheric circu-
lation patterns over the QTP and surrounding areas are character-
ized by the Indian and East Asian monsoon in summer and the
Westerlies in winter (An ez 2/, 2001; Yao et al., 2012b).

The HHM region, which extends along the southern and
southeastern fringe of the QTP (Fig. 1), is a region of extreme
elevational changes within relatively short distances, with a
corresponding diversity of habitats. In these areas, the wet sum-
mer monsoons are blocked by North to South oriented mountain
ranges, such as the Gaoligong Mountains and Mekong-Salween
Divide, resulting in the formation of a longitudinal moisture gra-
dient (Fig. 1). This area shows a profound ecological heterogene-
ity and species diversity, which has been linked to the geological
and climatic effects associated with the uplift of the QTP. More
recently, climatic fluctuations during the Quaternary (2.6 Ma —
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Fig. 1 Geographic locations of the 43 Taxus wallichiana populations analyzed in the present study and the distribution of the 29 cpDNA haplotypes
detected (see Table 1 for population codes; boxed haplotypes represent those found in the HM lineage). Pie chart size corresponds to the sample size of
each population. Present atmospheric circulation patterns over the Qinghai-Tibet Plateau (QTP) and surroundings were shown in the lower-right corner

(Adapted from An etal., 2001 and Yao et al., 2012b).

present) might have further driven allopatric divergence and spe-
ciation, as populations contracted into glacial refugia during the
four major periods of glaciations in the area (e.g. Wang ezal.,
2010; Xu etal., 2010; Jia et al., 2012). Such climatic oscillations
had profound effects on population demography, causing range
shifts or extinctions, as well as possibly driving local adaptation
(Davis & Shaw, 2001; Hewitt, 2004).

With such a complex geological, climatic and ecological
diversity, the HHM regions are ideal for studying the effects of
different factors on species diversification and evolution. Previous
phylogenetic and biogeographical studies in the QTP and neigh-
boring regions have focused on species-level diversification result-
ing from the uplift of the QTP (e.g. Liu ez al, 2002, 2006; Wang
etal., 2009b). Phylogeographical analyses at intraspecific levels
have suggested that the divergence and demography of popula-
tions were also profoundly affected by the rise of the QTP and the
Quaternary climatic oscillations in this area (e.g. Zhang etal,
2005; Yang et al., 2008, 2012; Wang et al., 2010; Xu et al., 2010;
Jia eral., 2011, 2012; Li ez al., 2011), with deep intraspecific diver-
gences formed over a range of timescales (e.g. Jia eral, 2012; Li
etal., 2011; Wang et al.,, 2009a). Among these studies, however, very
few (Cun & Wang, 2010; Opgenoorth ez al., 2010; Xu et al., 2010)
have focused specifically on the HHM region because of its remote-
ness and inaccessibility, and, consequently, the mechanisms of the
interplay between geological and climatic events in driving specia-
tion and evolution remain understudied.

Taxus wallichiana Zucc. var. wallichiana, as defined in the
Flora of China (Fu eral, 1999), was recently raised to species
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level (Farjon, 2010). It included two genetically closely related
lineages, designated 7. wallichiana proper and the Hengduan
type (Liu eral, 2011b). The species is confined to the East
Himalaya and the Yunnan plateau region (Gao ez al., 2007; Pou-
del ezal., 2012; Fig. 1), where it grows as scattered understory
trees in subtropical forest between 2000 and 3500 m altitude.
Thus, this species is ideal to study the interplay of the geological
and climatic factors on population divergence and demographic
history in the HHM region.

While most previous studies in the QTP and/or HHM region
used genetic discontinuities to demonstrate incipient or cryptic
speciation events, they were explained as a result of geological and
presumed associated habitat and climatic variations, but ecologi-
cal data were not explicitly examined to support these processes.
Here, we use an integrative approach by combining genetic
approaches with climatic and paleoenviromental data to elucidate
the speciation and demographic history of 7. wallichiana, and
determine the role of a range of climatic variables in this scenario.
The specific objectives were: to quantify the genetic differences
between the two lineages of 7" wallichiana; to date the divergence
between the two lineages and relate their age to geological and cli-
matic events; to determine in detail the main ecological (climatic)
factors separating the two lineages; and to unravel the demo-
graphic history of 7. wallichiana. The outcome of these analyses
will contribute to a better understanding of how environmental
factors interacted with the orogeny of the QTP, contributing to
the present-day abundance of species diversity in the HHM

region.
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Table 1 Genetic diversity within populations of Taxus wallichiana based on chloroplast haplotype and nuclear microsatellite DNA data

cpDNA trnL-trnF

Nuclear microsatellite

Population code Haplotypes (number of individuals) Hp Hy 7 (x1072) Na Np Ar Ho He
EH group
KA H5(9), H7(3), H8(8) 0 0.647 0.222 20 0 2.05 0.21 0.29
ND H5(7), H7(2), H8(11) 0 0.595 0.204 32 2 2.77 0.37 0.43
XY H5(7), H6(1), H7(2), H8(10) 0 0.647 0.204 26 0 2.38 0.27 0.36
CN H5(5), H6(2), H7(3), H8(9), H16(1) 1 0.737 0.206 33 1 2.86 0.41 0.48
MT H5(15), H6(3), H7(2) 0 0.426 0.120 35 2 3.15 0.40 0.50
XL H5(9), H6(2), H7(5), H8(1), 1 0.753 0.242 35 0 3.17 0.48 0.51
H17(1), H19(1), H29(1)
XB H2(2), H5(12), H6(3), H7(3) 1 0.616 0.164 35 0 2.99 0.35 0.46
cY H5(6), H6(3), H7(3), H17(2), H18(2), 2 0.862 0.294 39 1 3.39 0.52 0.55
H25(4), H27(1)
GS H4(4), H6(11), H7(2), H21(3) 1 0.658 0.211 40 1 3.53 0.36 0.55
YG H1(1), H5(1), H6(8), H7(4), H20(2), H21(4) 2 0.784 0.159 42 0 3.61 0.43 0.53
FG H5(2), H6(16), H7(4), H27(1) 0 0.502 0.116 35 0 3.19 0.45 0.50
BL H5(2), H6(13), H7(5) 0 0.532 0.103 32 0 3.00 0.42 0.47
LK H5(4), H6(11), H7(1), H8(4) 0 0.647 0.136 28 0 2.80 0.44 0.45
(@] H5(7), H6(4), H7(6), H8(3) 0 0.763 0.138 39 0 3.37 0.51 0.56
Y) H5(4), H6(2), H7(7), H8(7) 0 0.742 0.199 30 0 2.90 0.40 0.50
DL H6(6), H7(12), H8(2) 0 0.568 0.083 34 0 3.22 0.53 0.53
DY H5(4), H6(3), H7(8), H8(2), H9(1), H26(2) 0 0.795 0.268 39 0 3.34 0.46 0.51
SHL H5(3), H6(16), H7(1) 0 0.353 0.078 29 0 2.76 0.44 0.45
1z H23(20) 1 0.000 0.000 32 0 3.05 0.45 0.47
LX H6(8), H8(12) 0 0.505 0.060 24 0 2.46 0.36 0.38
YD H5(1), H6(5), H7(11), H19(1) 0 0.575 0.102 35 1 3.29 0.48 0.54
FE H6(2), H7(3), H8(6), H19(9) 0 0.711 0.147 32 0 3.03 0.43 0.47
YX H6(9), H7(1), H8(8), H19(2) 0 0.658 0.095 32 1 3.19 0.49 0.53
SJ H5(1), H7(11), H8(7), H26(1) 0 0.600 0.157 28 0 2.72 0.44 0.42
D H3(1), H5(4), H6(7), H7(4), H8(2), H19(2), 1 0.816 0.196 33 0 3.14 0.52 0.53
XP H5(6), H6(2), H7(6), H8(2), H19(3), H28(1) 1 0.816 0.235 30 0 2.98 0.44 0.51
MA H5(1), H6(2), H24(5) 1 0.607 0.192 26 0 2.79 0.52 0.43
HM group
ML H9(19), H15(1) 1 0.100 0.012 35 0 2.85 0.28 0.36
DQ H9(20) 0 0.000 0.000 33 1 2.87 0.28 0.42
BM H9(20) 0 0.000 0.000 38 0 2.96 0.28 0.37
KPG H9(16), H13(1), H14(1) 2 0.216 0.027 41 0 3.47 0.36 0.47
YT H9(20) 0 0.000 0.000 37 0 2.97 0.29 0.38
YW H9(14) 0 0.000 0.000 32 0 2.91 0.27 0.41
LD H9(20) 0 0.000 0.000 37 0 2.89 0.29 0.36
LH H9(20) 0 0.000 0.000 40 0 3.28 0.32 0.41
LJS H9(17), H12(3) 1 0.268 0.033 38 0 3.16 0.32 0.47
L H9(19), H11(1) 1 0.100 0.012 36 0 3.24 0.36 0.46
HB H9(11), H10(2) 1 0.282 0.034 41 1 3.58 0.41 0.46
LG H9(20) 0 0.000 0.000 34 1 3.10 0.34 0.45
YY H9(10) 0 0.000 0.000 29 0 2.92 0.37 0.39
EY H6(1), HO(19) 0 0.100 0.085 32 0 2.86 0.24 0.39
WB H6(2), HI(8) 0 0.356 0.304 38 0 3.79 0.39 0.49
CX H6(1), H9(18), H22(1) 1 0.195 0.174 41 0 3.43 0.36 0.51
Mean 0.442 0.626 0.160 33.88 0.28 3.06 0.39 0.46

Private haplotypes are given in bold print.

N, number of individuals per population; Hp, number of private haplotypes; Hq, haplotype diversity; z, nucleotide diversity; Na, number of total alleles;
Ag, alleles richness; Np, number of private alleles; Ho, observed heterozygosity; Hg, expected heterozygosity; EH group, East Himalaya to the Yunnan

Plateau region; HM group, South Hengduan Mountains region.

Materials and Methods

Sample collection and DNA isolation

A total of 815 individuals were sampled from 43 populations of
Taxus wallichiana Zucc. for this study, with 16 populations
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originating from the South Hengduan Mountains region (HM
group) and 27 from the East Himalaya to the Yunnan Plateau
region (EH group) (Fig. 1; Supporting Information Table S1).
Eight to 23 individuals were collected per population (average 19
plants per population). Young and healthy leaves were collected
and dried immediately in silica gel for DNA extraction. Voucher
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specimens of each sampled individual are deposited at the Her-
barium of the Kunming Institute of Botany, Chinese Academy of
Sciences (KUN). Taxus brevifolia was used as an outgroup for the
phylogenetic analyses of the cpDNA haplotypes, based on a pre-
vious study (Hao ez al., 2008).

Total genomic DNA was isolated using a modified CTAB
method as described by Liu & Gao (2011). The quality and quan-
tity of DNA was determined on 1% TAE agarose gels and with a
NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA). The DNA was diluted to a final
concentration of 30-50 ng ul =t

Chloroplast DNA sequencing

The plastid znl. (UAA)-zrnF (GAA) region (#rnL-trnF) was
amplified for all accessions with primers ‘c and ‘f described in
Taberlet ez al (1991). The 25 pl PCR mix contained 2.5 pl 10x
PCR buffer, 2.5ul MgCl, (25 mM), 2.0 pl dNTP mixture
(2.5mM), 0.3 ul each primer (10 pM), 0.2 ul Taq polymerase
(5U pl™") (TaKaRa, Dalian, China), 1 pl template DNA (c. 30—
50 ng genomic DNA), and finally 16.2 ul distilled deionized
water. PCRs were performed on a GeneAmp PCR System 9700
thermal cycler (Perkin Elmer, Foster City, CA, USA) with the
following profile: initial denaturation at 94°C for 3 min, fol-
lowed by 30 cycles of 95°C for 1 min, 50°C for 1.5 min, 72°C
for 2 min, and a final step of 72°C for 10 min.

PCR products were visualized on 1% TAE agarose gels and
then purified using a Sangon Purification Kit (Sangon, Shanghai,
China). The purified products were used for bi-directional
sequencing using the PCR primers and the PRISM Dye Termi-
nator Cycle Sequencing Ready Reaction Kit (Applied Biosystems,
Foster City, CA, USA). The products were run on an ABI 3730
xI DNA Sequencer. All newly acquired sequences have been sub-
mitted to GenBank (accession numbers in Table S2; 7. brevifolia,
JQ406921).

Microsatellite genotyping

The nuclear genetic diversity of all 815 accessions was assessed
using the following nine microsatellite loci: TA116, TGI111,
TG06, TG34, TG47, TC04, Tax86, TWO01, TS03 (Liu etal.,
2011a). Forward primers were 5-end fluorescently labelled using
either FAM or TAMRA (Applied Biosystems). PCR was carried
out on a GeneAmp PCR System 9700 thermal cycler (Perkin
Elmer) following the protocols described in Liu eral (2011a).
PCR products were separated on an ABI 3730 xI DNA
Sequencer and individuals genotyped with GENEMAPPER v3.2
(Applied Biosystems).

Chloroplast DNA analysis

The chromatograms of each #nL-trnF sequence were assembled
with SEQMAN (DNAStar Inc., Madison, W1, USA). Consensus
sequences were aligned in CLUSTAL X v2.0 (Larkin ez a4l., 2007)
and subsequently manually adjusted where necessary. All
sequences were assigned to different haplotypes using DNASP
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v5.10 (Librado & Rozas, 2009). All indels were treated as single
mutation events. A median-joining haplotype network was con-
structed using the program NETWORK v4.5.1 (available at
http://www.fluxus-engineering.com) with MP criterion.

The spatial genetic structuring of the chloroplast haplotypes
was analyzed using a spatial analysis of molecular variance analy-
sis (SAMOVA v1.0; Dupanloup ez al., 2002). Molecular diversity
indices, including the number of haplotypes, haplotype diversity
(Hy) and nucleotide diversity (m), were estimated using ARLE-
QUIN v3.5.1 (Excoffier & Lischer, 2010).

The existence of phylogeographic structure was tested follow-
ing Pons & Petit (1996). Two estimates of population diversity
(Hs, Hy) and two of differentiation (Ggsy, Ns1) were obtained
using PERMUT v1.0 (http://www.pierroton.inra.fr/genetics/
labo/Software/) with 1000 permutations. An analysis of molecu-
lar variance (AMOVA) was performed to partition variation
within and among defined groups and populations using ARLE-
QUIN.

Neutrality tests with Tajima’s D and Fu’s F5 were implemented
in ARLEQUIN to test for deviations from neutrality. In an
attempt to further infer demographic processes, pairwise
mismatch distributions were carried out using ARLEQUIN to
infer the demographic history of 7. wallichiana at the lineage
level. The sum of squared deviation (S§SD) and Harpending's rag-
gedness index (HRI) between observed and expected mismatch
distributions were used as test statistics. Where the null hypothesis
was not rejected, the formula #= 7/2% was used to estimate the age
of expansion (#), where #= kg, and P the mutation rate of the
sequence in substitutions per site per year (s/s/y), # the number of
nucleotides and g the generation time in years. Because no evolu-
tionary rates for gymnosperms are available for the zrnl-zrnF
region, we obtained the average rate of zrnL-#rnF for Taxaceae (see
next paragraph) using BEAST. For the generation time g, a value
of 25 yr was taken according to Wang ez al. (2006).

trnL-trnF mutation rate and lineage divergence time

In order to estimate the ##nL-z#F mutation rate of Taxaceae, we
first estimated the divergence time of Taxaceae and related gen-
era. Sequences of two cpDNA regions (rbcl. and mafK) were
retrieved from GenBank or newly generated as described in Liu
eral. (2011b), for 66 samples representing 39 genera of extant
gymnosperms (dataset I: Table S3). The fossil record of modern
Taxaceae is generally scarce (Hao ezal, 2008). Thus, only one
fossil Marskea jurassica (Harris, 1976) was chosen as the earliest
known fossil for Taxaceae s.s., designated ‘K with an age of
165 Ma (Florin, 1958) (Table S4; Fig. S2). In addition, ten well-
identified fossils from other gymnosperms were used to calibrate
the tree following Mao eral. (2012) (Table S4). We used the age
estimate for Taxaceae and related genera from dataset I, and data-
set I (which consisted of #nl-trnF sequences of 39 species of
Taxaceae plus four outgroups, Cunninghamia lanceolata var.
konishii, Cupressus  gigantea, Juniperus taxifolia, Taiwania
cryptomerioides, retrieved from GenBank, Table S3), to estimate
the #rnl-#rnF mutation rate for Taxaceae. With the trnL-trnF
mutation rate, we estimated the divergence time of the two
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lineages of 7. wallichiana, using dataset III (comprising the 29
haplotypes of 7. wallichiana and the outgroup T. brevifolia).

For all three datasets, phylogenetic analyses were carried out
using BEAST v1.6.2 (Drummond & Rambaut, 2007) with a
GTR + G + I substitution model, selected by MODELTEST v3.6
(Posada & Crandall, 1998), and an uncorrelated lognormal
relaxed clock (Drummond ezal, 2002). A Speciation: birth to
death process was specified as tree prior. The uniform distribution
was chosen for dataset I, and normal distribution was selected for
datasets I and III, respectively, as suggested in the BEAST man-
ual. Each BMCMC was run for 70 million generations, sampling
every 7000th generation, and discarding the first 10% as burn-in.
All these analysis were carried out on the Oslo Bioportal (http://
www.bioportal.uio.no/). Convergence was checked using
TRACER v1.5 (Available from http://beast.bio.ed.ac.uk/Tracer).
Trees were visualized with TREEANOTATOR v1.6.2 in BEAST.

Microsatellite data analysis

For all nine loci, MICROCHECKER v2.2.3 (Van Oosterhout
etal., 2004) was used to detect the presence of null alleles and
genotyping errors such as large allele dropout or stuttering using
1000 randomizations. Tests for departures from Hardy—Wein-
berg equilibrium (HWE) and linkage disequilibrium (LD) were
performed in each population as well as a globally unified popu-
lation using FSTAT v2.9.3 (Goudet, 2001). Significance levels
were adjusted using the sequential Bonferroni correction for
multiple comparisons (Rice, 1989).

Genetic diversity indices (total number of alleles, Ny; observed
heterozygosity, Ho; expected heterozygosity, Hg) were calculated
with GENALEX v6.4 (Peakall & Smouse, 2006) for each popu-
lation, locus and group. FSTAT was used to estimate allelic rich-
ness (Ar) at population, locus and group levels.

We estimated global Fgr (Weir & Cockerham, 1984) and
population-pairwise levels of Fsr using ARLEQUIN. In addi-
tion, population differentiation Fsr was also estimated for each
locus across all populations using FSTAT. The standardized
genetic differentiation (G'sts Hedrick, 2005) was calculated with
SMOGD (Crawford, 2010). G'st is a more suitable measure of
differentiation than traditional measures (e.g. Fst and Ggr) for
highly polymorphic markers such as microsatellite (Hedrick,
2005; Crawford, 2010). Partitioning of total genetic variation
within and among populations was further analyzed by AMOVA
with 1000 permutations using ARLEQUIN.

Starting from individual genotypes, the number of genetic
clusters was inferred using the program STRUCTURE v2.3
(Pritchard ez al., 2000). We applied the admixture model and the
option of correlated allele frequencies between populations as rec-
ommended by Falush eral. (2003). The simulation was run with
the number of clusters (K) from one to twenty, and was repeated
twenty times for each K. Each run comprised of a burn-in period
of 10 iterations, followed by 10° Markov chain Monte Carlo
(MCMC) steps. The most likely value for the number of popula-
tions (K) was determined by log-likelihood value, and the sec-
ond-order rate of change in values of K (4K) method suggested
by Evanno ez al. (2005).

© 2013 The Authors
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BARRIER v2.2 (Manni ez al., 2004) was used to compute the
Monmonier’s maximum-difference algorithm for identifying
biogeographic boundaries or areas exhibiting the largest genetic
discontinuities between population pairs. The robustness of these
boundaries was assessed by running BARRIER on 1000 Nei’s
distance matrices, produced by bootstrapping over loci with
MICROSATELLITE ANALYSER (MSA) v4.05 (Dieringer &
Schlotterer, 2003).

Climatic data analysis

Based on our population geo-referenced locality data (Table S1),
we used recent (c. 1950-2000) data for 19 BIOCLIM variables
(Hijmans ezal., 2005), which summarized temperature and pre-
cipitation variables (Table S5), to identify climatic factors poten-
tially associated with the genetic structure and divergence
between the EH and HM populations. Because the landscape of
the HHM region is topographically heterogeneous, for each set of
coordinates we extracted monthly temperature and precipitation
values from the high-resolution global gridded climate layer data
with a grid size of 30", which corresponds to 1 km” at the equator.
We used DIVA GIS (Hijmans ez al., 2001) to extract the climatic
variables and calculated the mean values and standard errors with
MICROSOFT EXCEL for each population and a two-tailed
ttest on the EH and HM groups separately. We further con-
ducted paired two-tailed #tests on pairs of populations (EH and
HM) along the westerly and southerly gene flow barrier between
EH and HM populations in order to characterize the strength of
ecological factors in the barrier. The pairs were arranged by short-
est distance across the barrier or by matching altitudes where pos-
sible to eliminate the effects of altitude on temperature per se

(Table S6).

Species distribution modeling (SDM)

SDM was carried out to determine suitable present and past climate
envelopes for the HM and EH lineages. Models were generated for
the Last Glacial Maximum (LGM; ¢. 21 ka), based on the Commu-
nity Climate System Model (CCSM), and the Last Interglacial
(LIG; ¢ 120 ka). Species occurrence data were obtained from the
Global Biodiversity Information Facility (GBIF; http://data.gbif.
org) and personal observations, totaling 67 and 31 occurrences for
the EH and HM lineages, respectively. Niche models based on the
19 BIOCLIM variables in the WorldClim dataset (Hijmans ez 4/,
2005) were generated at 2.5 min resolution using the MAXENT
v3.2 software package (Phillips ez 2/, 2006) with the default param-
eters for convergence threshold (107°) and number of iterations
(500). Duplicate records from the same locality were removed to
reduce the effects of spatial autocorrelation.

Results

Chloroplast DNA sequencing data
The lengths of the cpDNA #7L-trnF sequences ranged from 812
to 912bp and the aligned matrix was 914 bp in length. The
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alignment contained 20 polymorphic sites and 8 indels
(Table S2). A total of 29 chloroplast haplotypes was identified
among the 815 accessions (Fig. 1; Table 1 and Table S2).

The BEAST-derived tree and haplotype network revealed simi-
lar relationships (Fig. 2). The 29 haplotypes clustered into two
lineages, one including 22 haplotypes from the EH lineage, and
the other consisting of seven haplotypes from the HM lineage
(Fig. 2a). The haplotype network showed two clades, also corre-
sponding to the EH and HM lineages (Fig. 2b; Table 1). Of the
22 haplotypes found in the EH lineage, 13 were private. Within
this lineage, haplotypes H5, H6, H7 and H8 were most frequent,
and were widely distributed across the EH populations. The
remaining eighteen haplotypes were linked to the four main hapl-
otypes in a ‘star-like’ network. Of the seven haplotypes detected
in the HM lineage, haplotype H9 was most abundant and pre-
dominant in all populations within the HM lineage (Fig. 1;
Table 1). The other six were private, and connected to H9 by sin-
gle steps in a ‘star-like’ network (Fig. 2b). Four populations (i.e.
WB, CX, EY and DY, Fig. 1; Table 1) possessed haplotypes from
both the EH and HM lineages.

Molecular genetic diversity indices Hy and 7 for each popula-
tion are summarized in Table 1; Hy ranged from 0.000 to 0.862,
and 7 from 0.000 to 0.294. At the species level, Hr was esti-
mated as 0.809 (+0.034), Hs as 0.430 (£ 0.046) and 7 as
0.00117. At the group level, the EH group exhibited higher
genetic diversity (0.824, 0.625 and 0.00106 for Hry, Hs and m,
respectively) compared to the HM group (0.100, 0.095 and
0.00043; Table 2).

The AMOVA revealed that 61.8% of genetic variation was
partitioned among groups, 8% among populations within
groups, and 30.2% within populations (Table 3). The coeffi-
cient of differentiation measured over the 43 populations was
for Gst=0.49 and Nsr=0.72 (Table 2). The permutation test
indicated that Ngr was than  Ggr
(P<0.01), pointing to a strong phylogeographical structure for
the 7. wallichiana cpDNA haplotypes. In the SAMOVA
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analysis, with K=2, two groups were well defined, correspond-
ing to the EH and HM groups, although the @cr value was
not the highest. The @t values changed litde with increasing
number of groups (K), and was highest when K=4, when pop-
ulations JZ and MA, with a high proportion of private haplo-
types, were each separated as independent groups from the EH
group.

The mismatch distribution analyses gave unimodal graphs for
both the EH and HM lineage. A sudden population expansion is
inferred by a near-perfect fit of the observed mismatch distribu-
tion with the expected (Fig. S1a—d), indicated by nonsignificant
SSD and HRI statistics (Table 4). Values for the Fu’s Fg and
Tajima’s D tests were significantly different from zero for the
HM lineage, but not for the EH lineage (Table 4). Based on the
value of 7, the demographical and spatial expansion times were
calculated as 60.4 (32.2-92.3) thousand years ago (ka) and 56.2
(23.9-85.4) ka, respectively, for the EH lineage respectively, and
85.8 (19.9-91.5) ka and 6.8 (0-20.7) ka, respectively, for the
HM lineage (Table 4).

trnL-trnF mutation rate and lineage divergence time

The BEAST-derived cpDNA (rbcL. and mafK) tree of dataset I is
shown in Fig. S2. The crown age of Taxaceae is ¢. 210.5 Ma (95%
highest posterior density, HPD: 173.6-247.4 Ma) (Table S7).
The mean ages of other main genera for Taxaceae were dated as
23.9-30.6 Ma (Table S7). Based on these node ages, the BEAST
analysis provided an average substitution rate for #ul-mnF of
8.08 x 10~ '? substitutions/site/year (s/s/y) from dataset I. Using
this rate and dataset III, the most common ancestor of the EH
and HM lineages was estimated to date back to ¢. 4.2 (95% HPD:
2.0-6.5) Ma (Fig. 2a), suggesting a Pliocene split between the
two lineages. The crown ages of the EH and HM lineages were
estimated with ¢ 2.4 (95% HPD: 1.2-3.8) Ma and 2.1 (95%
HPD: 0.7-3.6) Ma, respectively, indicating a Pleistocene diversi-
fication of the haplotypes within each lineage.

Fig. 2 Bayesian tree (a) with Taxus brevifolia
as outgroup and MP median-joining network
(b) based on the 29 cpDNA haplotypes.
Numbers above branches in the Bayesian
tree are posterior probability values. The size
of circles in the network correspond to the
frequency of each haplotype. Slashes across
network branches indicate the number of
mutational steps. The remaining branches
represent single mutational steps. Colored
haplotypes are shared by two or more
populations. HM lineage, South Hengduan
Mountains region; EH lineage, East Himalaya
to the Yunnan Plateau region; Ma, million
years ago.
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Table 2 Genetic diversity and genetic
differentiation of 43 populations of Taxus

cpDNA trnL-trnF

Nuclear microsatellite

wallichiana at the species and group levels

Groups  Hs Hr 1(x107%)  Ger Nst Hs H+ Gst  G'st Fer

Total 0.430 0.809 0.117 0469 0.768* 047 060 021 042 032
EH 0.625 0.824 0.106 0.242 0275™ 049 055 011 024 0.1
HM 0.095 0.100 0.043 0.043 0.061™ 044 048 0.07 016 0.08

Hs, mean genetic diversity within populations; Hr, total genetic diversity; n, nucleotide diversity; Fsr,
among population differentiation; Gsr, genetic differentiation use only of the allelic frequencies; Nsr
genetic differentiation considered similarities between the haplotypes; G's7, standardized measure of
genetic differentiation; ns, not significant. HM group, South Hengduan Mountains region; EH group, East
Himalaya to the Yunnan Plateau region.

*Nsr is significantly different from Gsy (P<0.01).

Table 3 Results of the analysis of molecular

variance (AMOVA,) for chloroplast DNA data Variance Percentage  Fixation
and nuclear microsatellite data of 43 Taxus Source of variation df. Sum of squares components of variation index (Fst)
wallichiana populations
cpDNA trnL-trnF
Among groups 1 3452.29 9.24 61.8
Among populations within groups 41 1116.89 1.20 8.0
Within populations 772 3480.06 4.51 30.2
Total 814 8049.24 14.95 0.70*
Nuclear microsatellite
Among groups 1 561.06 0.75 24.0
Among populations within groups 41 45717 0.24 7.8
Within populations 1573  3333.09 2.12 68.3
Total 1615 4351.32 3.11 0.32*
Significance: *, P <0.001.
d.f., degree of freedom.
Table 4 Results of the mismatch distribution analysis and neutrality tests of the two Taxus wallichiana lineages
Time (t) since
expansion
Populations  Expansion types Tau began, in ka SSD P-value HRI P-value D P-value Fs P-value
EH lineage Demographic expansion 2.100 60.4 (32.2-92.3) 0.00551 0.310 0.038 0.580 —0.868 0.203 —6.782 0.050
Spatial expansion 2.026 56.2(23.9-85.4) 0.00468 0.350 0.038 0.580
HM lineage  Demographic expansion 3.000 85.8(19.9-91.5) 0.00002 0.250 0.768 0.770 —1.817 0.002 —13.018 0.000
Spatial expansion 0.200  6.8(0-20.7) 0.00003 0.130 0.768 0.870

EH lineage, East Himalaya to the Yunnan Plateau region; HM lineage, South Hengduan Mountains region; SSD, sum of squared deviation under expansion
model; HRI, Harpending's raggedness index; D, Tajima's D test statistic; Fs, Fu's Fs test statistic.

Microsatellite data

For the nuclear microsatellite markers, no evidence of scoring
errors due to large allele dropout or stuttering at any locus was
indicated. For the nine microsatellite loci used here, only 4.4%
population-locus combinations deviated significantly from HWE
after sequential Bonferroni correction (corrected o=0.00013,
P<0.01). There was no evidence for linkage disequilibrium.
Genetic diversity indices are summarized for each locus
(Table 5) and population (Table 1), respectively. The number of
alleles per locus ranged from 6 to 15. Mean Hs and Ht among
loci were 0.47 and 0.60, respectively. At the population level, Ny
and Ag ranged from 20 to 42 and 2.05 to 3.79, Ho and Hg
ranged from 0.21 to 0.53 and 0.29 to 0.56, respectively (Table 1).

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust

Population differentiation was significant for all loci (P<0.001;
Table 5), with the average Fsr for multilocus estimates being
0.22. The standardized genetic differentiation, G'st was higher
than Fsr across all loci (G'st=0.42 Table5). The AMOVA
results indicated significant genetic differentiation (Fst=0.32,
P<0.001), with 24% of the variation partitioned among groups,
only 7.8% of the variation among populations within groups, and
the rest of 68.3% variation within populations (Table 3). The Fer
was also significant among the populations within the two groups.
The population genetic differentiation within the EH group was
Fer=0.11 (2<0.001), and 0.08 (£<0.001) among populations
of the HM group (Table 2).

The STRUCTURE analysis suggested Log-likelihood values of
the data increased considerably when raising K= 1-2 (Fig. 3a), after

New Phytologist (2013) 199: 1093-1108
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Table 5 Summary of the nine microsatellite loci used to study the
population genetics among 43 populations of Taxus wallichiana

Size range
Locus (bp) NA Ho HE HS HT FST G/ST
TA116  191-218 9 030 035 036 060 042 0.64
Tax86 142-176 15 0.26 030 031 034 011 0.12
TCO4  132-148 9 0.48 048 049 069 031 057
TGO6 176-202 12 031 052 054 063 017 032
TG34  254-266 7 044 048 049 054 010 0.16
TG47  333-393 12 0.44 057 059 075 025 055
TG111 99-115 9 053 056 058 081 030 0.68

TS03 259-293 6 0.15 0.16 0.17 0.19 0.13 0.13
TWO01 376406 15 060 0.71 074 087 0.18 0.60
Mean — 1044 039 046 047 060 022 042

Na, number of alleles; Ho, observed heterozygosity; He, expected hetero-
zygosity; Hs, mean genetic diversity within populations; Hr, total genetic
diversity; Fst, among population differentiation; G'st, standardized mea-
sure of genetic differentiation.

which the In Pr (X/K) did not increase significantly. Based on the
second-order rate of change in values of K (4K), the most likely
number of genetic clusters for the complete dataset was also esti-
mated at 2 (Fig. 3b).These confirmed the existence of two distinct
genetic units corresponding to the EH and HM lineages, with the
exception of only a few individuals (Fig. 3¢). Four populations (CX,
WB, EY and DY) located on the geographical boundary between
the two groups included individuals assigned to both lineages. The
genetic discontinuities between the EH and HM groups were also
identified by BARRIER (Fig. 4). Strong genetic barriers between
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the groups were detected that were supported by high bootstrap val-
ues of 92-99.8%. However, no clear genetic barriers were detected
among populations within the two groups (Fig. 4).

Climatic data

Out of the 19 bioclimatic variables, all but four (bio2: mean diur-
nal temperature range, bio3: isothermality, bio7: temperature
annual range, biol5: precipitation seasonality), showed significant
differences in mean values between populations of the HM and
EH group (Table 6 and Table S8). The variables biol (annual
mean temperature: HM =9.2°C vs EH=11.5°C), bio9 (mean
temperature of driest quarter: HM=3.1°C vs EH=5.8°C),
bioll (mean temperature of coldest quarter: HM =2.8°C vs
EH =5.4°C), and bio12 (annual precipitation: HM =960 mm vs
EH =1271 mm) exhibited the highest significance levels of differ-
ences of the means between the two groups (£<0.001), followed
by bio6 (min temperature of coldest month) and four rainfall vari-
ables, biol3 (precipitation of wettest month), bio 16 (precipita-
tion of wettest quarter), bio18 (precipitation of warmest quarter),
and bio 19 (precipitation of coldest quarter) (2= 0.001).

Pairing populations of the two regions along the entire gene
flow barrier showed statistically highly significant differences for
17 of the 19 BioClim variables (Table 6). Splitting the pairs into
westerly and southerly barriers showed 16 significant variables for
the first, and five variables for the latter which were all tempera-
ture variables, with biol7 (precipitation of driest quarter) and
bio19 (precipitation of coldest quarter) having highly significant
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Fig. 3 Bayesian inference analysis of nuclear microsatellite data for the determination of the number of clusters (K) for the Taxus wallichiana populations
analyzed. (a) The mean posterior probability of the data for K=1-20 (20 replicates), the standard deviation of each mean L(K) value was given
respectively, the red rhombus indicated K = 2. ; (b) distribution of AK, the red rhombus indicated K = 2. ; (c) results for two and three clusters as detected
by STRUCTURE. HM group, South Hengduan Mountains region; EH group, East Himalaya to the Yunnan Plateau region.
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Fig. 4 Results of the BARRIER analysis based on microsatellite data, showing the spatial separation of Taxus wallichiana populations. (a) Delaunay
triangulation and detected barrier (thick red line) separating the EH and HM populations, with bootstrap values over 1000 replicates using Nei's genetic
distances (1983). (b) Geographic location of the genetic barrier, indicated by a dashed red line, as suggested in the BARRIER analysis. Circles indicate the
location of the East Himalaya to the Yunnan Plateau (EH) and South Hengduan Mountains (HM) populations, corresponding to the two genetic clusters

identified by the NETWORK and STUCTURE analyses.

differences. There were a few differences in the results when align-
ing the pairs by altitude or by shortest distance, with the former
giving higher significant differences for some variables (Table 6).

Species distribution modeling

For both the EH and HM lineages under all climate scenarios, the
area under the receiver operating characteristic curve (AUC) values
were >0.999, indicating a far better than random prediction. Cur-
rent distribution predictions were generally good representations of
the actual distributions of both lineages, the only exception being
the predicted occurrence of the HM lineage in the East Himalaya

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust

and West Sichuan Basin, where this lineage does not occur at pres-
ent. Palacodistribution modeling for both lineages indicated a
much more restricted distribution during the LIG than at present,
with subsequent expansion at the LGM to cover a slightly greater
area than that predicted under current climatic conditions (Fig. 5).

Discussion

Cryptic speciation in Taxus wallichiana
The strong population genetic structure identified in

T. wallichiana, for both the cpDNA haplotypes and microsatellite

New Phytologist (2013) 199: 1093-1108
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Fig. 5 Potential distribution range of Taxus
wallichiana in HHM region simulated by .
Ecological Niche Models using bioclimatic ]
variables. Darker colors show areas with Q
more suitable predicted conditions. LGM, z
Last Glacial Maximum; LIG, Last Interglacial; (,2 b
EH lineage, East Himalaya to the Yunnan -
Plateau region; HM lineage, South Hengduan
Mountains region.

data indicated that the EH and HM groups represent two distinct
lineages (Table 2). The estimated differentiation values (Gst)
were larger than the mean genetic differentiation calculated for
paternally inherited plastid markers in 37 conifer species (0.469
vs 0.165; Petit ez al., 2005) and for biparentally inherited micro-
satellite loci (0.32 vs 0.24/0.26 for Fsr/Rsy; Nybom, 2004), indi-
cating the existence of strong barriers to gene flow between the
EH and HM groups. Geographic isolation of populations within
species and variation in ecological factors are major precursors to
cryptic speciation (Hoskin ez /., 2005). The Nushan Mountains,
which form a large northern part of the Mekong—Salween divide,
appear to act as a topological N—S barrier for 7axus to the West of
the HM group (Fig. 4), as suggested by previous studies (Gao
etal., 2007; Li eral, 2011). It is interesting to note that even
though 7zxus is wind pollinated, pollen does not seem to be able
to cross the 4000 m range of the Nushan Mountains. This may be
explained by the fact that the plants occur as understory trees,
where wind movement is limited, and the dispersal distance of
Taxus pollen has been shown to be limited to a few meters
(Wheeler et al., 1995).

Although the timing of the uplift process that formed the
QTP is of longstanding debate, studies suggest that the plateau
rose rapidly ¢ 10-8 Ma (Harrison eral, 1992; Royden ezal.,
2008) or even more recently (since 3.6 Ma; Li & Fang, 1999).
Our divergence time estimations suggest that the two lineages
diverged in the Pliocene (4.2 (2.0-6.5) Ma), a time that corre-
sponds well with later estimates for the uplift of the QTP and the
formation of the Hengduan Mountains (Tapponnier et al., 1990;
Shi etal., 1998; Akciz etal., 2008). It is likely that the Nushan
Mountains had almost attained their current height by that time,

© 2013 The Authors
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and that their rapid uplift effectively divided the populations of
T’ wallichiana.

Both lineages mostly comprised reciprocally exclusive haplo-
types, along the boundary between the two groups, but five
cpDNA haplotypes from the EH region were found in three pop-
ulations of the HM lineage (EY, WB, CX), and one from the
HM region in population DY of the EH lineage (Fig. 1; Table 1).
Based on the microsatellite data, only a few of these individuals
showed signs of introgression. For instance, the two individuals
in population WB possessed EH chloroplast haplotypes and also
a nuclear genotype belonging to the EH group (Fig. 3¢). Popula-
tion WB is the most northern mixed population in the HM
group that exhibits such admixture, and the presence of migrants
here is probably due to rare seed dispersal events across the
Nushan Mountains from the West, or a northward migration
along the Mekong River from the South. The remaining three
populations that exhibit admixture are located at the southern
edge of the HM group where no topological barriers to gene flow
are existent, and the two lineages remain separated perhaps
through niche specialization (see following paragraph). The
observed haplotype mixtures indicate that the barriers are ‘leaky’,
and demonstrate the occurrence of recent secondary contacts
between the two lineages.

Ecological factors reinforce divergence in Taxus wallichiana

The uplift of the QTP and its associated climatic changes has
been speculated as a main cause of plant diversification in the
QTP area (Cun & Wang, 2010; Xu eral, 2010; Yang etal,
2012). The current distribution of 7. wallichiana is primarily

New Phytologist (2013) 199: 1093-1108
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determined by the Indian monsoon in summer and Westerlies in
winter, with limited influence from the East Asian monsoon
(Fig. 1). Because the monsoons were blocked gradually by the
N-S mountain ranges in the South Hengduan Mountains region,
the climate for the HM lineage populations can be characterized
as cold and dry, whereas the distribution range of the EH lineage
has a humid and warm climate as a result of the uplift of the
QTP. The intensification of the Indian monsoons during the
Pliocene (An eral., 2001; Wan ezal., 2007; Zhang et al., 2009;
Chang ez al., 2010), would have increased levels of precipitation
in the HHM region. However, the synchronous rise of the
Hengduan Mountains, particularly Gaoligong Mountains and
Nushan Mountains in this period, obstructed the moist air east-
ward to the HM lineage distribution range, resulting in differen-
tiation between the EH and HM lineages due to environmental
factors, as suggested by paleoclimatic evidence (Kou ezal., 2006;
Yao etal., 2012a). Such differences were further strengthened by
the accelerated uplift phases of QTP in the late Pliocene. Conse-
quently, following geographical isolation by the Nushan Moun-
tains, the two 7. wallichiana lineages would have been exposed
and eventually adapted to their differing environmental condi-
tions. The HM populations occur at higher altitudes (2639—
3230 m, average 2987 m) compared to those of the EH lineage
(2213-3037 m, average 2661 m), and this is reflected in climatic
differences. While both groups experience a dry winter and wet
summer, the EH populations are generally associated with a
warmer and wetter climate due to their occurrence at lower alti-
tudes and the effects of the Indian monsoon, compared to the
colder and drier climate of the HM lineage (i.e. higher altitude)
(Table 6). Although no topological barriers are present between
the two lineages at the southern edge of the Hengduan Moun-
tains region, significant differences in climatic variables can be
detected, particularly those involving winter rainfall, creating an
ecological barrier (Table 6).

The ecological differences found between the two 7. wallichiana
lineages studied here seem to represent species-specific characteris-
tics and are apparently sufficient to keep both lineages separated to
a high degree, as indicated by the chloroplast and nuclear data. Such
ecological niche partitioning will have reinforced the divergence of
the two lineages following inidal spatial isolation, and may have
given rise to some degree of differential adaptation to their respec-
tive environmental conditions. This, given sufficient time, might
ultimately lead to reproductive isolation (Rieseberg & Burke, 2001;
Nosil ez al., 2009; Thorpe et al., 2010; Wagner ez al., 2012), result-
ing in the formation of new species.

Unusual demographic history of Taxus wallichiana

Climate changes during Pleistocene glacial-interglacial cycles had
a dramatic effect on species distribution ranges (Comes &
Kadereit, 1998; Hewitt, 2004), causing migration and/or extinc-
tion of populations, followed by periods of isolation, divergence
and subsequent expansion (Taberlet ezal, 1998; Cun & Wang,
2010). Most plant taxa are believed to have shifted latitude or ele-
vation ranges in response to glaciations (Davis & Shaw, 2001).
The divergence time estimated for the EH and HM lineages here
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suggests that they became separated well before the Quaternary,
in the Pliocene. Therefore, climatic oscillations during the Pleis-
tocene will have had pronounced effects on their more recent
population history. In contrast with most previously suggested
glacial evolutionary scenarios in the QTP and adjacent regions,
such as peri-glacial refugia, refugia-within-refugia, and local
persistence (e.g. Zhang eral., 2005; Yang ezal., 2008; Cun &
Wang, 2010; Opgenoorth ez al., 2010; Wang ez al., 2010), our
analyses indicate expansion of 7. wallichiana populations
throughout the most recent glacial period, rather than contrac-
tion. For both lineages, the star-like pattern exhibited by the min-
imum spanning network (Fig.2) is characteristic of recent
population expansion, and the observed pairwise differences of
¢pDNA haplotypes fit a sudden expansion model particularly well
(Fig. S1) and produce significantly negative Tajima’s D and Fu’s
Fs statistics (Table 4). The mismatch distribution analysis sug-
gested different phases of demographic and spatial expansion for
the EH and HM lineages (Table 4). Expansion of 7. wallichiana
during the last glaciations was further supported by the SDM
analysis, which indicated larger distribution ranges of both lin-
eages at the LGM compared to both the LIG and present
(Fig. 5).

This relatively unusual demographic scenario can be explained
partly by the topoclimatic characteristics of the HHM region. It
is located at the southern and southeastern fringe of the QTP,
and is exposed to the moist and warm air of the Indian monsoon
from the South (Figs 1, 5). Because the QTP prevents the south-
ward flow of cold and dry continental air toward the HHM
region, the region is characterized by a warmer and wetter climate
than the majority of the QTP, which would provide a more
stable environment for plant populations, even during glacia-
tions. In addition, the HHM region shows great latitudinal range
and elevation differences, which could possibly provide microcli-
matic refugia for 7. wallichiana populations during Quaternary
climatic oscillations. Such areas would not be as prevalent in the
Himalayan regions as in the South Hengduan Mountains region
due to the topographic character (Fig. 1). Thus, 7. wallichiana
populations could have migrated downward and southward to
track their optimal ecological conditions during the glacial peri-
ods and expanded into larger areas of suitable habitats. By con-
trast, during the LIG, the temperature was at least 5°C higher
than at present (Shi ez al., 1998). Given that the current tempera-
ture in the HHM region decreases by 0.64°C/100 m (Li &
Zhang, 2010), and assuming niche conservatism over time,
T’ wallichiana populations would have had to move uphill at
least 800 m from their present distributional altitude due to little
space for latitudinal shift. The environment in the Himalaya
would have been very harsh above 3500 m, and there would be
limited suitable habitats for 7. wallichiana populations, which
would ultimately result in population contractions and extinction
in this region. Conversely, the topography of the South Hengduan
Mountains shows greater potential for latitudinal shift than in
the Himalaya region, which could facilitate persistence of
T’ wallichiana populations in this region during the LIG.

The possibility of 7. wallichiana population expansion during
the last glaciation is also supported by paleoclimatic and
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paleoenvironmental analysis from this region. There have been
four major glaciations in the QTP during the Quaternary, becom-
ing progressively less extensive after the largest Naynayxungla Gla-
ciation (c. 0.72-0.5Ma), and LGM glacier advances were
significantly less extensive in this area (Shi ezal, 1998; Zheng
etal., 2002; Owen, 2009). It is thus likely that the last glaciation
only had a limited impact on 7. wallichiana. Furthermore, paleo-
climatic analyses also suggested wetter winters and lower annual
mean temperatures than today during the last 40—14.2 ka in the
HHM region (Walker, 1986; Shi ez al., 2001; Xiao ez al., 2009),
when 7axus still persisted in the South Hengduan Mountains (Ji-
ang eral., 1998). The expansion scenario is further supported by
vegetation reconstructions based on pollen fossil data, which indi-
cated that mixed and evergreen subtropical forests were present in
SE Tibet during the LGM (e.g. Yadong, XY; Motuo, MT; and
Chayu, CY; Fig. 1) (Shi eral, 1998), where populations of
T. wallichiana are found today. Biome reconstructions on the
basis of recent climatology and pollen data also indicate a warm-
temperate climate during the LGM for the present-day distribu-
tion area of 7. wallichiana (Harrison et al., 2001).

A scenario of population expansion, or at least population sta-
bility, during the last glacial period, as opposed to the general
‘contraction—expansion’ scenario usually described has occasion-
ally been reported in other plants (e.g. Yan ezal., 2012) and ani-
mals (e.g. Li eral., 2009) in subtropical areas of China. There is
also growing evidence for population demographic stability or
expansion throughout the LGM elsewhere in a range of different
organism (e.g. King eral, 2009; Marko eral., 2010; Bisconti
etal. 2011; Cunha eral 2011; Pinheiro etal, 2011; Batalha-
Filho ez al., 2012).

Conclusions

Our analyses of Taxus wallichiana, combining molecular
phylogeography and species distribution modeling, strongly sug-
gest that the observed patterns of genetic variation and divergence
in T wallichiana are best explained by a combination of both
Miocene/Pliocene geological and climatic events, and late Quater-
nary climatic oscillations. Initial topological constraints, rein-
forced by subsequent differential ecological (climatic) adaptations
have resulted in cryptic speciation, and the formation of two dis-
crete taxonomic entities, a split indicated by both molecular (Gao
etal., 2007; Liu ez al., 2011b) and morphological analyses (Moller
etal., 2007). Furthermore, 7. wallichiana populations exhibit an
unusual demographic history, having expanded their range during
the last glacial period. These findings indicate that a combination
of orographic and climatic factors has played a fundamental role
in promoting diversification and evolution of species in the HHM
region, and that these processes may more complex than previ-
ously thought.
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