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ABSTRACT

Aim The biogeography and speciation of conifers are of special interest

because of the ecological importance of these trees, but the boundaries and

evolutionary relationships of closely related species of conifers are difficult to

disentangle. To investigate how lineage sorting and gene flow affect species

boundaries in conifers, we studied the population genetic structure and phylo-

geographical history of the Tsuga chinensis–T. forrestii complex and compared

the results with those for a closely related species, T. dumosa.

Location Subtropical eastern Asia.

Methods Phylogeographical analyses, in combination with coalescent simula-

tions, were performed based on sequence variation of paternal chloroplast and

maternal mitochondrial DNA in 1368 individuals from 52 populations of the

three Tsuga (hemlock) species.

Results Mitotypes were shared extensively among the three species while the

chlorotypes were relatively more species-specific. Two genetic breaks and thus three

distinct geographical groups were identified in the T. chinensis–T. forrestii species

pair. Unidirectional pollen flow from T. forrestii to T. chinensis was detected.

Main conclusions Tsuga forrestii originated from a pre-existing isolate of T.

chinensis, and a cryptic genetic break formed between eastern and western pop-

ulations of the latter. Incomplete lineage sorting was responsible for the exten-

sive sharing of mitotypes among the three hemlock species, and our results

seem to support the idea that paternally inherited markers are more effective

in delimiting species than maternally inherited markers. We also found that

hemlock populations in the Himalayas were very likely to have experienced

extinction, but that most populations in other areas of subtropical mainland

China survived the late Quaternary glacial cycles by elevational shifts.

Keywords

Eastern Asia, gene flow, glacial refugia, incomplete lineage sorting, peripatric

speciation, phylogeography, population differentiation, southern China, spe-

cies delimitation, Tsuga.

INTRODUCTION

The sharing of allelic polymorphism as a result of interspe-

cific gene flow (e.g. Matos & Schaal, 2000; Zhou et al., 2010)

or incomplete lineage sorting (e.g. Ran et al., 2006; Jara-

millo-Correa et al., 2008) is common in conifers that are

characterized by ecological and life-history traits favouring

large effective population sizes, such as wind pollination,

wide geographical distributions, and centuries-long fertile life

spans (e.g. Willyard et al., 2009). Hence, gene flow and line-

age sorting affecting the species boundary and delimitation

of closely related congeners of conifers are of special interest

for evolutionary genetics.

Based on spatially explicit simulations, Currat et al. (2008)

predicted that the frequency of gene introgression between

species is negatively correlated with the rate of intraspecific

gene flow. Du et al. (2009) and Petit & Excoffier (2009) fur-

ther proposed that genetic markers experiencing high rates of
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gene flow should be more effective in delimiting species than

those experiencing low gene flow, given the effects of high

intraspecific gene flow in preventing interspecific introgres-

sion (Currat et al., 2008). In contrast, Zhou et al. (2010)

reported that, owing to accelerated lineage sorting, the mark-

ers experiencing high intraspecific gene flow are more spe-

cies-specific than those experiencing low intraspecific gene

flow. In Pinaceae, the chloroplast and mitochondrial genomes

show predominantly paternal and maternal inheritance,

respectively (Mogensen, 1996), and the chloroplast genome

experiences higher rates of gene flow than the mitochondrial

genome (Petit et al., 2005). Thus, by comparing sequence

variation of mitochondrial DNA (mtDNA) and chloroplast

DNA (cpDNA) in a group of closely related species in Pina-

ceae, we can directly test the hypothesis that genetic markers

experiencing high rates of gene flow are more effective in dif-

ferentiating species (Petit & Excoffier, 2009), and disentangle

the effects of high intraspecific gene flow on preventing intro-

gression and promoting lineage sorting.

Tsuga (hemlock), a genus of Pinaceae comprising nine to

ten species, is an important constituent of subalpine forest

communities in North America and East Asia (Havill et al.,

2008). Three species, T. chinensis (Franchet) Pritz., T. forrestii

Downie and T. dumosa (D. Don) Eichler, occur in montane

areas of subtropical eastern Asia, a region with the most

diverse temperate flora in the Northern Hemisphere (Qiu

et al., 2011). Tsuga chinensis is more or less continuous in its

distribution, extending broadly from the eastern Hengduan

Mountains eastward to the Huang/Tianmu and Yandang/

Wuyi Mountains at an elevation of 1000–2900 m above sea

level (a.s.l.). In contrast, T. forrestii has a narrow range,

restricted to the central Hengduan Mountains at approxi-

mately 2800 m a.s.l. Tsuga dumosa occurs in the Hengduan

Mountains and the eastern Himalayas at 2000–3600 m a.s.l.

Recent phylogenetic work on Tsuga (Havill et al., 2008) sug-

gested that T. dumosa–T. chinensis-Taiwan (T. chinensis from

Taiwan Island) are sister to a clade comprising T. forrestii, T.

chinensis (T. chinensis from mainland China) and T. sieboldii

(a species endemic to Japan). Tsuga chinensis and T. forrestii

were recovered as the most recently diverged species pair

(Havill et al., 2008). On this basis, Havill et al. (2008) sug-

gested that T. chinensis-Taiwan should be treated as a sepa-

rate species. The three hemlock species from subtropical

eastern Asia are especially suitable for investigating the

phylogeographical history in conifers and the factors affect-

ing species boundaries, such as lineage sorting and gene

flow, because of their phylogenetic relationships and recent

divergence.

We present a phylogeographical and evolutionary study of

the T. chinensis–T. forrestii species pair and compare the

results with those for T. dumosa. Specifically, our three main

objectives were: (1) to investigate the genetic structure and

phylogeographical history of the T. chinensis–T. forrestii spe-

cies pair and explore the origin of T. forrestii; (2) to test

whether chlorotypes are more species-specific than mitotypes

in the three hemlock species; and (3) to examine the effects

of lineage sorting and gene flow on trans-species polymor-

phism and species delimitation. In order to address these

objectives, we examined sequence variation in the mitochon-

drial nad5 intron 1 and three cpDNA fragments (trnS/fM,

atpH/I and psbJ/petA) in 34 populations. In combination

with sequence data from our previous work of T. dumosa

(Cun & Wang, 2010), we used these sequences to perform

comparative phylogeographical analyses.

MATERIALS AND METHODS

Population sampling

Leaf samples were collected from 34 populations representing

865 trees, including 776 trees from 31 populations of Tsuga

chinensis and 89 trees from three populations of T. forrestii.

Sampling covered almost the entire ranges of both species

(Fig. 1, and see Appendix S1 in the Supporting Information).

Each population was represented by 19–35 individuals that

were at least 100 m apart, with the exception of four popula-

tions (TQ, HS, EMS and WC) where 2–5 individuals were

collected. Considering that three of the four markers (nad5

intron 1, trnS/fM and atpH/I) were used in our previous

phylogeographical work of T. dumosa, which represented a

sampling of 503 trees from 18 populations (Cun & Wang,

2010), here we combined the mt- and cp-DNA data of this

species with that of T. chinensis–T. forrestii (totalling 1368

individuals) for comparative phylogeographical analyses. Fol-

lowing the suggestion of Havill et al. (2008), T. chinensis-

Taiwan was treated as an independent taxon, and two indi-

viduals were included in analyses. Based on the phylogeny of

Tsuga (Havill et al., 2008), we sampled 13 individuals that

represent all other species of the genus (with the exception

of T. caroliniana) and two individuals of Nothotsuga longi-

bracteata as outgroups. Detailed information on samples is

presented in Appendix S1.

DNA extraction, gene amplification and sequencing

DNA extraction and PCR amplification followed Cun &

Wang (2010). The mtDNA nad5 intron 1 and three cpDNA

intergenic spacers (trnS/fM, atpH/I and psbJ/petA) were

amplified and directly sequenced using primers shown in

Appendix S1.

Samples from all 865 individuals of T. chinensis–T. forres-

tii, 13 of other Tsuga species and two of Nothotsuga longi-

bracteata were analysed with nad5 and the three cpDNA

markers. The psbJ/petA region was sequenced for 18 individ-

uals from 18 populations of T. dumosa. The sequences

reported in this study are deposited in GenBank under acces-

sion numbers KF828306–KF828740.

Data analyses

Arlequin 3.11 (Excoffier et al., 2005) was used to estimate

molecular diversity indices, including number of segregating
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sites (S), number of haplotypes (H), haplotype diversity (Hd)

and nucleotide diversity (p). The haplotype richness (A) was

calculated by dividing the number of haplotypes by the

sample size.

tcs 1.21 was used to construct haplotype networks (Clem-

ent et al., 2000). The ambiguities in the cpDNA network

were refined following Crandall & Templeton (1993).

permut (Pons & Petit, 1996) was used to calculate average

population genetic diversity (HS), total genetic diversity

(HT), and population differentiation values (GST, NST). The

four measures were estimated for all three hemlock species

based on mtDNA, but were calculated only for T. chinensis–

T. forrestii and different geographical groups of T. chinensis

using cpDNA.

A spatial analysis of molecular variance (SAMOVA) was

performed with cpDNA to identify groups of populations

that are geographically homogenous in T. chinensis–T. forres-

tii, using samova 1.0 (Dupanloup et al., 2002). This pro-

gram iteratively seeks the composition of a user-defined

number (K) of groups of geographically adjacent populations

that maximizes FCT, i.e. the proportion of genetic variation

among groups.

Analyses of molecular variance (AMOVAs; Excoffier et al.,

1992) were conducted to partition genetic variation among

geographical groups, among populations within geographical

groups and within populations for all three hemlock species

based on mtDNA, but only for T. chinensis–T. forrestii and

different geographical groups of T. chinensis using cpDNA.

Significance was tested using a nonparametric permutation

procedure with 1000 permutations. Population expansion

events were detected by Fu’s FS neutrality test (Fu, 1997).

The P-values were generated using 1000 simulations under a

model of selective neutrality. All analyses were performed

with Arlequin 3.11.

The isolation-with-migration (IM) model offers an analyti-

cal framework that can distinguish between incomplete line-

age sorting and interspecific gene flow as explanations for

observed patterns of genetic divergence (Nielsen & Wakeley,

2001). Using the program IMa (Hey & Nielsen, 2007), we

applied the IM model to the sequence data from three

cpDNA loci (trnS/fM, atpH/I and psbJ/petA) for two diver-

gence events: (1) T. forrestii–western T. chinensis; and (2)

western T. chinensis–eastern T. chinensis (referring to the

geographical groups identified by the SAMOVA analysis).

Analyses in IMa were run under the Hasegawa–Kishino–

Yano (HKY) mutation model (Hasegawa et al., 1985). The

mutation scalar of cpDNA was set to 0.5, as the effective

population size of the chloroplast genome is one-half that of

Figure 1 Geographical distributions of the clades of chlorotypes (in outer circles) and mitotypes (in inner circles) detected in the three
hemlock (Tsuga) species from subtropical eastern Asia, with networks of the mitotypes (upper left) and chlorotypes (upper right)

constructed with tcs 1.21. The chlorotypes were designated based on trnS/fM and atpH/I. The sizes of the circles in the network are
proportional to the observed frequencies of the haplotypes. Each section of the circle represents one haplotype. More information on

the populations is given in Appendix S1. Tsuga chinensis comprises 31 populations that were divided into two geographical groups:
western T. chinensis and eastern T. chinensis (*).
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the nuclear genome for a monoecious plant (Birky et al.,

1983). Further, because IMa cannot accommodate gaps or

missing data in DNA alignments, indels were removed.

By applying the Markov chain Monte Carlo method, IMa

yielded the estimates of six demographic parameters scaled

by mutation rate, including population-split time (t), effec-

tive population sizes for the ancestral and two descendant

populations (hA, h1, h2), and migration rates between the

descendant populations (m1, m2). The posterior probability

densities of the model parameters were generated by simulat-

ing a Markov chain having a stationary distribution propor-

tional to that of density. The IMa simulation was set to a

500,000 burn-in period to make the chain independent of

the starting state and continued for 80 million simulations.

The peaks of resulting distributions were interpreted as the

maximum likelihood estimates (MLEs) of the parameters

with credibility intervals equalling the 90% highest posterior

density (HPD) intervals. Three independent runs with differ-

ent seed numbers were performed to ensure convergence,

and the lowest effective sample size (ESS) among the six

parameters was at least 50 in each run, as recommended in

IMa. Upper bounds for the prior distributions of the param-

eters were set empirically after preliminary runs with larger

parameter intervals. To convert the MLEs and 90% HPD

intervals for population-split time (t) to time in years since

divergence (T), T = t/l was taken. The mutation rate (l)
was estimated using beast 1.7.5 (see Appendix S2). Two

methods were tried to calibrate the molecular clock: (1) only

the most recent common ancestor of Tsuga and Nothotsuga

was fixed at an age of 90 Ma based on the oldest pollen

record of Tsuga from the Late Cretaceous deposits in Poland

(reviewed in Havill et al., 2008); and (2) another calibration

was added, and the crown age of Tsuga was set with a nor-

mal prior distribution of 47 � 4.9 Ma, based on the earliest

record of Tsuga megafossils from the Eocene deposits

(Appendix S2), which is consistent with the crown age of

Tsuga estimated by Havill et al. (2008).

RESULTS

Chloroplast DNA variation

A total of 87 chlorotypes were identified based on sequence

variation of trnS/fM and atpH/I in 1368 trees from 52 popu-

lations of the three hemlock species (see Appendix S3). Nine-

teen chlorotypes from 503 individuals of Tsuga dumosa

(indicated in green) and 68 chlorotypes from 865 individuals

of T. chinensis–T. forrestii (indicated in red and yellow)

formed two distinct clades with six mutations separating

them (Fig. 1). When psbJ/petA sequences were added, 132

chlorotypes were identified from 865 individuals of T. chin-

ensis–T. forrestii (Fig. 2, Appendix S3).

Based on cpDNA of T. chinensis–T. forrestii, the SAMOVA

tests (K = 2–33) indicated that the FCT value reached a pla-

teau at K = 3. For K ≥ 4, at least one of the groups con-

tained a single population. We retained the configuration of

K = 3 (FCT = 0.429, FSC = 0.115, P < 0.001 for both) and

found that the composition of groups corresponded strongly

to the geographical distribution of chlorotypes (Fig. 2). Two

phylogeographical breaks and three distinct geographical

groups were identified in the range of T. chinensis–T. forres-

tii. Group 1 (T. forrestii) comprised all three T. forrestii pop-

ulations; Group 2 (eastern T. chinensis) consisted of four T.

chinensis populations in East China (HS, QLF, JLS and

WYS); and Group 3 (western T. chinensis) included the

remaining 27 T. chinensis populations (Fig. 2, Appendix S3).

In the network of cpDNA haplotypes, many derived hapl-

otypes showed a satellite-like distribution (Fig. 2), and the

network direction was inferred based on the phylogenetic

reconstruction of Tsuga species (Appendix S2). Tsuga forrestii

had only the six chlorotypes of clade c2 (c2 and its derived

haplotypes) and genetic diversity was relatively low

(A = 0.067, p = 0.00036, Hd = 0.663, Table 1; HS = 0.632,

HT = 0.678, Table 2). Eastern T. chinensis possessed the 18

chlorotypes of clade c120 (c120 and its derived haplotypes),

except one individual from population WYS which exhibited

haplotype c16 (Fig. 2, Appendix S3), and genetic diversity

was high (A = 0.213, p = 0.00091, Hd = 0.790, Table 1;

HS = 0.771, HT = 0.819, Table 2). Western T. chinensis con-

tained the remaining haplotype clades, except that 16 indi-

viduals from four populations (JY, KD, GZ and DB)

geographically adjacent to T. forrestii possessed three haplo-

types of clade c2, and 10 individuals from four populations

(WGS, BMS, MS and STS) exhibited haplotype c106 of clade

c120 (Fig. 2). In total, western T. chinensis had 112 haplo-

types (Appendix S3), showing very high genetic diversity

(A = 0.163, p = 0.00077, Hd = 0.883, Table 1; HS = 0.828,

HT = 0.930, Table 2). Of the 132 chlorotypes in T. chinensis–

T. forrestii, 44 were shared among populations, but only 11

of them had a frequency higher than 2%. Up to 88 chloro-

types were specific to 26 populations (Fig. 2, Appendix S3).

When populations EMS, TQ, WC and HS were excluded

from the analysis because of small sample size, nearly all T.

chinensis populations possessed private haplotypes. The Fu’s

FS test showed significantly negative values for the species

pair, western and eastern T. chinensis, and about half of the

populations had an excess of rare haplotypes over what

would be expected under neutrality (Table 1). The levels of

genetic differentiation were moderate for T. forrestii, western

and eastern T. chinensis (GST = 0.068, 0.110 and 0.059,

respectively). A significant phylogeographical structure was

detected in T. forrestii, T. chinensis, and the species pair (NST

> GST, P < 0.05 for all; Table 2).

Mitochondrial DNA variation

For the 1368 individuals of the three hemlock species, nad5

intron 1 had five variable sites, which were used to designate

nine distinct mitotypes. Five, eight and three mitotypes were

detected in Tsuga dumosa, T. chinensis and T. forrestii,

respectively (Fig. 1, Appendix S3). Four mitotypes were

shared among species, including mitotype III between T.
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dumosa and T. chinensis, and mitotypes I, IV and V among

all three species. Mitotype V (frequency: 56.7%) occurred

from the Himalayas through the central and eastern Hengdu-

an Mountains to the Qingling-Daba Mountains in Central

China, while mitotype I (16.0%) extended from the

Himalayas through the central and southern Hengduan

Mountains and the northern Yungui Plateau to the Nanling

Mountains in South China. In contrast, the remaining five

species-specific mitotypes had a restricted peripheral distri-

bution. For instance, mitotypes II and VI occurred in the

southernmost populations of T. dumosa and T. chinensis,

respectively, and VIII in three populations of T. chinensis in

East China.

Only eight of the 52 surveyed populations were polymor-

phic (Fig. 1, Appendix S3). Genetic differentiation across the

entire geographical range of all three hemlock species was

high (GST = 0.928, NST = 0.940), with a significant phylogeo-

graphical structure (NST > GST, P < 0.05; Table 2). More-

over, the AMOVA analysis showed that the difference

between T. dumosa and T. chinensis–T. forrestii explained less

than 5.0% of the total mtDNA variation, while most of the

variance (94.3%) existed among populations (Table 2).

When the T. chinensis–T. forrestii species pair was considered

separately, 40.3% of the variation occurred among the three

geographical groups (T. forrestii, western T. chinensis and

eastern T. chinensis).

IM analysis

Three independent runs of IMa yielded unambiguous mar-

ginal posterior probability distributions of the parameters for

two pairwise analyses (Fig. 3). The MLEs and 90% HPD

intervals of one simulation are shown in Table 3. The substi-

tution rate of the combined trnS/fM + atpH/I + psbJ/petA

sequences (l) was consistently estimated to be 0.57 9 10�6

per year based on its length used for the pairwise analyses

(2040 bp for T. forrestii–western T. chinensis and 2029 bp for

western T. chinensis–eastern T. chinensis after excluding in-

dels), and its mutation rate (per site per year) was estimated

to be 0.28 9 10�9 by using one calibration and 0.20 9 10�9

by using two calibrations (Appendix S2). We also tried to set

different prior values for the second calibration point (the

crown age of Tsuga), and found that the divergence time

estimates were sensitive to the prior. Therefore, the mutation

rate 0.28 9 10�9 based on one calibration was used in the

IM analysis.

Tsuga forrestii versus western T. chinensis: the MLEs of

effective population size (h, scaled by mutation rate) for T.

Figure 2 Geographical distributions in subtropical eastern Asia of the clades of chlorotypes detected in populations of the Tsuga

chinensis–T. forrestii species pair, with the network of chlorotypes (upper right) constructed by tcs 1.21. The chlorotypes were
designated based on sequence variation in trnS/fM, atpH/I and psbJ/petA. The sizes of the circles in the network are proportional to the

observed frequencies of the haplotypes. Each section of the circle represents one haplotype, and the sections containing a point represent
population-specific haplotypes. Tsuga chinensis comprises 31 populations that were divided into two geographical groups: western T.

chinensis and eastern T. chinensis (*).
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forrestii, western T. chinensis, and their ancestral population

were 0.464 (90% HPD: 0.127–1.308), 113.889 (68.333–

194.877), and 2.911 (0.886–7.213), respectively (Fig. 3a–c).

The migration parameter of the direction from western T.

chinensis to T. forrestii (m1) had a peak at zero, indicating

that no gene flow had occurred, while that from T. forrestii

to western T. chinensis (m2) showed a peak at 0.265 (90%

HPD: 0.095–0.673) (Fig. 3d–e). The marginal posterior prob-

ability of the divergence time parameter (t) revealed a sharp

peak at 0.213, with a narrow distribution (Fig. 3f). When

converted to a scale in years, the divergence time between

T. forrestii and western T. chinensis was estimated to be

0.374 Ma (90% HPD: 0.256–0.539 Ma).

Eastern T. chinensis versus western T. chinensis: the MLEs

of effective population sizes for eastern T. chinensis, western

T. chinensis, and their ancestral population were 3.173 (90%

HPD: 1.503–6.847), 77.534 (40.318–139.561), and 2.362

(0.262–7.085), respectively (Fig. 3g–i). The migration param-

eter of the direction from western T. chinensis to eastern

T. chinensis (m1) showed a peak at 0.126 (90% HPD:

Table 1 Genetic parameters and results of Fu’s FS tests of 34 populations of the Tsuga forrestii–T. chinensis species pair from
subtropical eastern Asia. See Appendix S1 for locational details of each population.

Species Pop n

mtDNA cpDNA

S H ph S H ph A p Hd FS

Tsuga forrestii WFS 27 2 3 0 2 3 0 0.111 0.00037 0.672 1.148

HB 31 0 1 0 2 3 0 0.097 0.00032 0.624 0.885

MHG 31 0 1 0 4 5 3 0.161 0.00031 0.600 �1.501

total 89 2 3 0 5 6 3 0.067 0.00036 0.663 �1.042

Western Tsuga chinensis† SM 27 0 1 0 21 14 5 0.519 0.00095 0.835 �8.333***
EMS 3 0 1 0 3 3 1 –‡ – – –
TQ 2 0 1 0 0 1 0 – – – –

WC 5 0 1 0 3 3 0 – – – –
GZ 30 0 1 0 23 19 6 0.633 0.00104 0.924 �16.018***
KD 29 0 1 0 14 15 6 0.517 0.00098 0.941 �9.285***
DB 28 0 1 0 12 11 2 0.393 0.00086 0.905 �4.555**
BX 23 0 1 0 12 9 3 0.391 0.00082 0.858 �3.110*
MYL 30 0 1 0 15 13 4 0.433 0.00076 0.860 �7.840**
ZQ 26 0 1 0 11 10 3 0.385 0.00092 0.892 �3.282*
LD 32 0 1 0 19 16 8 0.500 0.00096 0.903 �10.336***
LY 30 0 1 0 10 9 4 0.300 0.00061 0.747 �3.649*
LB 30 0 1 0 12 14 3 0.467 0.00084 0.876 �8.704***
NS 30 0 1 0 15 14 7 0.467 0.00086 0.915 �8.521***
LS 19 0 1 0 4 5 0 0.263 0.00073 0.784 0.165

SX 30 0 1 0 10 9 4 0.300 0.00055 0.722 �4.156**
CK 25 0 1 0 16 13 7 0.520 0.00107 0.940 �11.599***
HP 35 1 2 0 12 13 2 0.371 0.00073 0.825 �7.367***
FJS 33 0 1 0 7 8 2 0.242 0.00045 0.695 �3.573**
JY 27 0 1 0 7 8 1 0.296 0.00044 0.675 �4.100**
BMS 31 0 1 0 6 6 1 0.194 0.00065 0.796 �0.392

WGS 25 0 1 0 6 6 2 0.240 0.00051 0.763 �1.395

MES 31 0 1 0 3 4 1 0.129 0.00031 0.617 �0.356

STS 22 0 1 0 5 5 1 0.227 0.00057 0.771 �0.270

YC 33 0 1 0 1 2 0 0.061 0.00013 0.307 0.811

MLP 30 1 2 0 2 3 2 0.100 0.00024 0.513 0.243

MS 21 1 2 0 7 6 2 0.286 0.00069 0.819 �0.793

total 687 4 6 2 98 112 107 0.163 0.00077 0.883 �26.836***
Eastern Tsuga chinensis† WYS 27 0 0 0 18 14 6 0.519 0.00116 0.912 �6.814***

JLS 30 0 0 0 8 8 3 0.267 0.00068 0.715 �2.154

QLF 30 0 0 0 7 5 2 0.167 0.00087 0.685 1.365

HS 2 0 0 1 0 1 0 – – – –

total 89 1 2 2 23 19 17 0.213 0.00091 0.790 �9.007**
T. chinensis total 776 3 8 3 115 129 85 0.166 0.00091 0.905 �26.389***
Species pair total 865 4 8 3 117 132 88 0.153 0.00094 0.919 �26.262***

The parameters include sample size (n), number of segregating sites (S), number of haplotypes (H), number of private haplotypes (ph), haplotype

richness (A), nucleotide diversity (p), and haplotype diversity (Hd). The latter three parameters and FS were not calculated for mtDNA because

of low variation.

†Tsuga chinensis in two geographical regions; ‡Populations EMS, TQ, WC and HS were excluded from the analysis because of small sample size;

*0.05 > P ≥ 0.01; **0.01 > P ≥ 0.001; ***P < 0.001.
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0.002–0.946) (Fig. 3j), while that from eastern T. chinensis to

western T. chinensis (m2) had a peak approaching zero

(Fig. 3k). The marginal posterior probability of the splitting

time showed a sharp peak at 0.389, with a narrow distribu-

tion (Fig. 3l). When converted to a scale in years, the diver-

gence time between western T. chinensis and eastern T.

chinensis was estimated to be 0.682 Ma (90% HPD: 0.391–

1.367 Ma).

DISCUSSION

Evolution of the Tsuga chinensis–T. forrestii species

pair

Peripatric speciation of Tsuga forrestii

To provide more evidence for the evolutionary history of the

T. forrestii–T. chinensis species pair, our study tried the pair-

wise IM analysis to estimate the demographic parameters of

T. forrestii, eastern and western T. chinensis, although this

analysis might have some shortcomings. For T. chinensis–T.

forrestii, several assumptions of the IM model, such as no

population structure and no gene flow from unsampled pop-

ulations, are violated. However, as suggested by the simula-

tion results of Strasburg & Rieseberg (2010), the moderate

levels of population structure and migration rates among the

three geographical groups (T. forrestii, western T. chinensis

and eastern T. chinensis) were unlikely to have introduced

substantial bias in the parameter estimates. Additionally, we

conducted a multipopulation IM analysis on the three geo-

graphical groups. Unfortunately, the results indicated that

the present data may have not enough signal for estimating

all parameters. Nevertheless, in the case of chimpanzees, the

results of multiple two-population analyses are largely consis-

tent with those of the full multipopulation analysis (Hey,

2010).

Because it is difficult to resolve the phylogenetic positions

of Tsuga megafossils, we tried two methods to calibrate the

Table 2 Estimates of population genetic diversity and differentiation (mean � SE in parentheses) using permut and analysis of

molecular variance (AMOVA) based on mitotypes and chlorotypes detected in three Tsuga species from subtropical eastern Asia.

Species or population groups

permut
AMOVA

HS HT GST NST FST(FCT)

Mitotype T. dumosa 0.050 (0.0296) 0.398 (0.1353) 0.873 (0.0524) 0.906 (0.025)§ 0.907***
T. forrestii 0.173 (0.1728) 0.728 (0.1019) 0.763 (0.3153) 0.673 (0.4074) 0.703***
T. chinensis 0.026 (0.0169) 0.695 (0.0562) 0.963 (0.0242) 0.973 (0.0179)§ 0.972***
T. chinensis–T. forrestii† 0.040 (0.0218) 0.691 (0.0509) 0.943 (0.031) 0.949 (0.031)§ 0.962*** (0.403***)
T. dumosa + T. chinensis–T. forrestii‡ 0.043 (0.0174) 0.607 (0.059) 0.928 (0.027) 0.940 (0.025)§ 0.943*** (0.050NS)

Chlorotype T. forrestii 0.632 (0.0213) 0.678 (0.0093) 0.068 (0.063) 0.112 (0.102)§ 0.118***
T. chinensis 0.789 (0.0269) 0.917 (0.0169) 0.140 (0.0223) 0.223 (0.0437)§ 0.233***
western T. chinensis 0.828 (0.0274) 0.930 (0.0162) 0.110 (0.018) 0.219 (0.005)§ 0.121***
eastern T. chinensis 0.771 (0.0711) 0.819 (0.0658) 0.059 (0.03) 0.042 (NC) 0.039NS

T. chinensis–T. forrestii† 0.774 (0.0257) 0.929 (0.0144) 0.166 (0.025) 0.289 (0.049)§ 0.495*** (0.429***)

†All 34 populations of the T. chinensis–T. forrestii species pair were divided into three geographical groups (T. forrestii, western T. chinensis and

eastern T. chinensis).

‡All 52 populations of T. dumosa, T. chinensis and T. forrestii were divided into two groups (T. dumosa, and the T. chinensis–T. forrestii species

pair).

The parameters include average population genetic diversity (HS), total genetic diversity (HT), population differentiation values (GST, NST), pro-

portion of genetic variation among populations (FST), and proportion of genetic variation among population groups (FCT). Significance testing

(1000 permutations): §NST is significantly higher than GST (0.01 < P < 0.05); NSP ≥ 0.05; *0.05 > P ≥ 0.01; ***P < 0.001.

Table 3 Maximum-likelihood estimates (MLEs) and the 90% highest posterior density (HPD) intervals of demographic parameters for

the Tsuga chinensis–T. forrestii species pair from subtropical eastern Asia.

Comparison Estimates h1 h2 hA m1 m2 t T (Ma)

T. forrestii vs. western T. chinensis MLE 0.464 113.889 2.911 0.005 0.265 0.213 0.374

HPD90Lo 0.127 68.333 0.886 0.005 0.095 0.146 0.256

HPD90Hi 1. 308 194.877 7.213 2.925 0.673 0.307 0.539

eastern T. chinensis vs. western T. chinensis MLE 3.173 77.534 2.362 0.126 0.003 0.389 0.682

HPD90Lo 1.503 40.318 0.262 0.002 0.001 0.223 0.391

HPD90Hi 6.847 139.561 7. 085 0.946 0.064 0.779 1.367

The MLEs are the locations of the peaks in the curves shown in Fig. 3.

The 90% HPD intervals are the shortest spans, along the x axes of Fig. 3, that contain 90% of the area of those histograms.

The parameters include effective population sizes of two descendant populations (h1, h2) and their ancestral population (hA), migration rates

between the descendant populations (m1, m2), population-split time scaled by mutation rate (t), and population-split time in years (T).
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molecular clock. Although the substitution rate (per site per

year) of the T. chinensis–T. forrestii lineage was estimated to

be 0.28 9 10�9 (95% HPD interval: 0.07–0.42 9 10�9)

based on one calibration and 0.20 9 10�9 (95% HPD inter-

val: 0.05–0.41 9 10�9) based on two calibrations, the two

estimates are close (Appendix S2). Therefore, while the diver-

gence time estimates based on this substitution rate

(0.28 9 10�9) need to be used cautiously, they should not

greatly affect the related inferences below.

Evidence for a progenitor-derivative species pair that origi-

nated from peripatric speciation includes a high genetic simi-

larity between the two species, a narrower and ecologically

more restricted distribution, and a lower genetic diversity for

the putative derivative species relative to its progenitor. Usu-

ally, the two species can interbreed, and the genetic diversity

of the derivative is generally a subset of that detected in the

progenitor (Gottlieb et al., 1985; Jaramillo-Correa & Bous-

quet, 2003). Over time, mutation and lineage sorting will

lead to reciprocal monophyly (Rieseberg & Brouillet, 1994).

Tsuga forrestii is very similar to T. chinensis, but the later

shows a considerably higher degree of morphological varia-

tion (Fu et al., 1999). Tsuga forrestii is narrowly restricted to

the central Hengduan Mountains, located to the south-west

of the widespread T. chinensis (Zheng & Fu, 1978). Our pres-

ent study further indicates that the two species are more clo-

sely related to each other than to any other species (Figs 1 &

2, Appendix S2). The split between them occurred as recently

as the Pleistocene (about 0.374 Ma), and even later than the

subdivision between eastern and western T. chinensis (about

0.682 Ma) (Table 3). In addition, we found that T. forrestii

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 3 The marginal posterior probability distributions for various demographical parameters (scaled by the neutral mutation rate)

estimated with IMa for the Tsuga chinensis–T. forrestii species pair from subtropical eastern Asia: (a)–(f) T. forrestii versus western
T. chinensis; and (g)–(l) eastern T. chinensis versus western T. chinensis.
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is genetically depauperate compared to T. chinensis. Only six

chlorotypes linked to a single haplotype clade were detected

in T. forrestii, while 129 were observed in T. chinensis (Fig. 2,

Appendix S3). The cpDNA diversity of T. forrestii is signifi-

cantly lower than that of T. chinensis (Table 1). Also, T.

chinensis had eight mitotypes, while T. forrestii had only

three mitotypes and all were shared with the former (Fig. 1).

Moreover, T. forrestii showed a lower frequency of private

chlorotypes (3/89) than T. chinensis (85/776) (Fig. 2). Based

on its geographical distribution, morphological similarity,

and molecular evidence, T. forrestii is likely to have origi-

nated from a pre-existing isolate of T. chinensis and a likely

biogeographical scenario for its origin could be inferred as

follows. Climatic fluctuations and/or orogenic movements

during the Qinghai-Tibetan Plateau uplift in the Pleistocene

(Shi et al., 1998) could drive population fragmentation,

resulting in the ancestral population of T. chinensis becoming

unequally divided. Subsequently, geographically isolated pop-

ulations diverged genetically over time, and the peripheral

isolate in the south-west evolved into T. forrestii. Genetic

drift probably played a key role in the speciation process,

given the small historical population size of T. forrestii esti-

mated by IMa (Table 3). Importantly, based on the distribu-

tion pattern of mitotypes (Fig. 1), a vicariance event

followed by complete lineage sorting of the chloroplast gen-

ome is a concise explanation for the origin of T. forrestii,

although introgression by seed colonization events cannot be

completely ruled out.

Another well-supported progenitor-derivative species pair

in Pinaceae is Picea mariana–Picea rubens. The narrowly dis-

tributed P. rubens originated from transcontinentally distrib-

uted P. mariana during the Pleistocene (Perron et al., 2000;

Jaramillo-Correa & Bousquet, 2003). Peripheral isolation and

rapid speciation observed in the two species pairs Picea mari-

ana–P. rubens and Tsuga chinensis–T. forrestii are valuable

for understanding the biogeography and evolution of coni-

fers characterized by an outcrossing mating system and high

gene flow among populations.

Secondary pollen flow cross the species boundary

In four T. chinensis populations (JY, KD, GZ and DB) geo-

graphically adjacent to T. forrestii, 16 individuals had three

chlorotypes of clade c2 that are typical of T. forrestii (Fig. 2,

Appendix S3). The IMa analysis based on cpDNA showed

unidirectional pollen flow from T. forrestii to T. chinensis

(Table 3, Fig. 3d–e), implying that interspecific gene flow is

more suitable than incomplete lineage sorting for explaining

the shared chlorotypes between the two species. Thus, we

propose that: (1) the chlorotypes of clade c2 have been

‘sorted’ and fixed in T. forrestii; (2) mating barriers between

T. forrestii and T. chinensis are not complete; and (3) second-

ary pollen flow occurred from T. forrestii to T. chinensis. The

range shifts driven by the climatic fluctuations during

the Pleistocene glacial/interglacial cycles, as inferred from the

fossil record of Tsuga in the Hengduan Mountains (Cun &

Wang, 2010), may have led to secondary contact between T.

forrestii and T. chinensis. Additionally, the prevailing winds

(including the southern branch of the westerly jet in the win-

ter half year and the South Asian summer monsoon in the

summer half year), which blow from south-west to north-

east in the Hengduan Mountains (Yie & Gao, 1979), could

potentially promote the unidirectional gene flow from T. for-

restii to T. chinensis, given the timing of pollen release for

these two species (Fu et al., 1999).

Interspecific hybridization and introgression are common

in conifers, but generally restricted to a narrow contact zone

(e.g. Matos & Schaal, 2000; Poudel et al., 2012). Similarly,

narrow suture zones containing divergent cpDNA lineages

often form after secondary contact of refugial lineages

(Liepelt et al., 2009; G€om€ory et al., 2012).

Cryptic genetic break between eastern and western T.

chinensis

Based on the distribution of cpDNA variation, T. chinensis

populations can be divided into two geographical groups.

Eastern T. chinensis consists only of populations in the

Huang/Tianmu and Yandang/Wuyi Mountains in East

China, while western T. chinensis includes the remaining

populations in south-western, central and southern China

(Fig. 2, Appendix S3). With the exception of one tree from

the southernmost population WYS, all samples of eastern

T. chinensis are characterized by the chlorotypes in clade

c120 (Fig. 2). In addition, eastern T. chinensis had two spe-

cific mitotypes VIII and IX (Fig. 1). By comparison, similar

genetic discontinuity was previously detected in Ginkgo bi-

loba (Gong et al., 2008) and Taxus wallichiana var. mairei

(Zhang et al., 2009). This clear genetic break probably sug-

gests a vicariance event that occurred between eastern and

western T. chinensis during the Pleistocene (about 0.682 Ma)

(Table 3). Moreover, the lack of pollen flow from eastern to

western T. chinensis as estimated by IMa suggests that the

sharing of chlorotype c106 between them could be attributed

to incomplete lineage sorting (Fig. 2).

CpDNA is more suitable for species identification

than mtDNA in Pinaceae

The chlorotypes of Tsuga dumosa and those of T. chinensis–

T. forrestii form two distinct clades in the networks based on

two (Fig. 1) or three cpDNA fragments (Fig. 2). Tsuga chin-

ensis and T. forrestii also have distinct chlorotype clades, only

with limited introgression (Fig. 2). In contrast, the mitotypes

are shared extensively among the three hemlock species.

Thus, our results support the finding that paternally inher-

ited cpDNA markers are more effective for species delimita-

tion than maternally inherited mtDNA markers in conifers

(Du et al., 2009; Petit & Excoffier, 2009).

Chlorotypes are more species-specific than mitotypes for

all species complexes that have been investigated using both

mtDNA and cpDNA in Pinaceae (reviewed by Du et al.,
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2009, 2011; Zhou et al., 2010). It is still controversial, how-

ever, as to why cpDNA is more suitable for species identifi-

cation than mtDNA in Pinaceae. Du et al. (2009)

hypothesized that high intraspecific gene flow of cpDNA

could prevent interspecific introgression in the Picea asperata

complex. In contrast, Zhou et al. (2010) proposed that high

intraspecific gene flow could promote cpDNA lineage sorting

in Pinus massoniana and Pinus hwangshanensis.

The extensive sharing of mitotypes among the three hem-

lock species is most likely to be caused by incomplete lineage

sorting, given the lower levels of gene flow by seeds than by

pollen. It is unlikely that T. dumosa exchanged genes with

T. chinensis–T. forrestii in recent history for the following rea-

sons. First, T. dumosa and T. chinensis–T. forrestii have been

shown to have distinct chlorotype clades. Second, although

T. dumosa occurs along with T. forrestii or T. chinensis in

some mountain ranges in the central or eastern Hengduan

Mountains, they maintain morphological distinctness, cpDNA

integrity, and elevational separation (Fig. 1). For example,

populations of T. dumosa and T. forrestii were found on the

same mountain in Muli County, south-west Sichuan Prov-

ince. Tsuga dumosa, restricted to high elevations, had mito-

type V, while T. forrestii, found at lower elevations, had

mitotype I. Additionally, the two species are easily distin-

guished from one another based on morphological features of

leaf and cone (Cun & Wang, 2010). Third, an important sig-

nature of introgression is the sympatric sharing of geographi-

cally localized haplotypes between otherwise genetically and

morphologically divergent species (e.g. Matos & Schaal, 2000;

Palme et al., 2004). Although mtDNA variation of the three

hemlock species showed a striking pattern of phylogeographi-

cal structure that is largely species-independent, the shared

mtDNA haplotypes are widespread, with no bias to sympatric

or allopatric populations (Table 2, Fig. 1). In particular, the

rare haplotype IV is shared among all three species, and is

detected not only in three populations in the central Hengdu-

an Mountains (LJS, GS and WFS), but also in one remote

population in the Daba Mountains (HP).

Alternatively, the timing for complete lineage sorting is

dependent on effective population size of the entire popula-

tion. However, even if the census size of a population might

remain relatively stable, its effective population size can be

increased by population structure, and the increase is inver-

sely proportional to the migration rate among demes (Nei &

Takahata, 1993; Wakeley, 2000). Hence, compared to

cpDNA, the low rate of mtDNA gene flow will maintain

large genetic differentiation among populations in conifers

(Petit et al., 2005), and consequently could delay the attain-

ment of reciprocal monophyly among species (Hoelzer, 1997;

Wakeley, 2000). For instance, in Picea, which originated in

the Early Cretaceous (Wang et al., 2000; Klymiuk & Stockey,

2012), the ancestral mtDNA polymorphism is shared by the

basal-most species and recently derived species (Ran et al.,

2006), although the extant species could be much younger

than the ancient fossil species. In addition, the retained

ancestral mtDNA haplotypes in Mesoamerican Abies can also

be dated to the middle Pliocene (about 5 Ma) (Jaramillo-

Correa et al., 2008).

Lineage sorting of ancestral polymorphisms of mtDNA

(nad5 intron 1) has not completed in the three hemlock spe-

cies following a divergence in the Miocene (Appendix S2),

but haplotypes of cpDNA (trnS/fM, atpH/I and psbJ/petA)

have reached monophyly in T. forrestii since a separation in

the Pleistocene (Table 3, Fig. 2). Therefore, it is clear that

chlorotypes experiencing high intraspecific gene flow need

less time to reach monophyly and are thus more suitable for

species delimitation in the three hemlock species.

Different responses of the three hemlock species to

the late Quaternary glaciations

Tsuga chinensis populations could have survived in situ by

elevational shifts during the late Quaternary glaciations, at

least in the Last Glacial Maximum (LGM). This scenario is

supported by multiple lines of evidence including: (1) high

cpDNA genetic diversity within species and populations

(Table 1, Fig. 2); (2) the presence of an ancestral chlorotype

(c10) throughout western T. chinensis; (3) the high frequen-

cies of private chlorotypes observed in most populations;

and (4) the relatively few ‘missing’ ancestral haplotypes in

the cpDNA network (Fig. 2).

Given that the estimated population sizes of eastern

T. chinensis and western T. chinensis are larger than their

respective ancestral populations (Table 3), they could have

undergone population growth following their split. The Fu’s

FS test also indicated that over half of T. chinensis popula-

tions experienced population growth. Based on the distribu-

tion patterns of genetic diversity and private haplotypes

(Table 1, Fig. 2), we suggest that many forest stands of

T. chinensis experienced interglacial or post-glacial localized

growth, particularly in the Hengduan Mountains and the

Qinling/Daba Mountains.

The majority of phylogeographical investigations of tem-

perate plants in Central and South China (reviewed by Qiu

et al., 2011; Li et al., 2012) showed a similar demographic

history characterized by survival in multiple localized refugia

within the present distribution range, and limited recent

expansion out of these refugia. This phylogeographical pat-

tern is apparently inconsistent with the prediction based on

palaeo-biome that temperate evergreen forests in subtropical

mainland China migrated to the tropical south (≤ 24° N)

without leaving forest stands in the north during the LGM,

and recolonized their present-day range from the south post-

glacially (Yu et al., 2000). However, it reconciles well with

the extreme physiographical heterogeneity and mild climate

changes in subtropical mainland China, where no ice-sheet

developed during the late Quaternary glaciations, except for

some high mountains in Southwest China (Shi et al., 1986).

As reported in our previous study of T. dumosa, both

cytoplasmic and nuclear DNA markers revealed extreme

genetic depauperation in the Himalayas and richness in the

Hengduan Mountains populations. These patterns, together
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with fossil evidence, indicate that T. dumosa probably recol-

onized the Himalayas from the Hengduan Mountains in the

late Quaternary (Cun & Wang, 2010), although bottleneck

can not be completely ruled out. Similar recolonization was

also reported in Taxus wallichiana (Poudel et al., 2012; Liu

et al., 2013); however, the timing of recolonization remains

uncertain. Therefore, genetic patterns of the three hemlock

species suggest that hemlock populations in the Himalayas

could have experienced extinction, but most populations in

other areas of subtropical mainland China possibly survived

in situ during the late Quaternary glacial cycles.
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