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Abstract
Pinus densata is an intriguingly successful homoploid hybrid species that occupies vast
areas of the southeastern Tibetan Plateau in which neither of its parental species are
present, but the colonization processes involved are poorly understood. To shed light on
how this species colonized and became established on the plateau, we surveyed
paternally inherited chloroplast (cp) and maternally inherited mitochondrial (mt) DNA
variation within and among 54 populations of P. densata and its putative parental
species throughout their respective ranges. Strong spatial genetic structure of both cp and
mtDNA were detected in P. densata populations. Mitotypes specific to P. densata were
likely generated by complex recombination events. A putative ancestral hybrid zone in
the northeastern periphery of P. densata was identified, and we propose that the species
then colonized the plateau by migrating westwards. Along the colonization route,
consecutive bottlenecks and surfing of rare alleles caused a significant reduction in
genetic diversity and strong population differentiation. The direction and intensity of
introgression from parental species varied among geographic regions. In western parts of
its range, the species seems to have been isolated from seed and pollen flow from its
parent species for a long time. The observed spatial distribution of genetic diversity in
P. densata also appears to reflect the persistence of this species on the plateau during the
last glaciation. Our results indicate that both ancient and contemporary population
dynamics have contributed to the spatial distribution of genetic diversity in P. densata,
which accordingly reflects its evolutionary history.
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Introduction
Homoploid hybrid speciation (HHS) is a form of plant
speciation that is increasingly recognized to have
occurred more commonly than previously thought as a
result of improved analytical approaches for detecting
homoploid hybrids in the wild (Wang & Szmidt 1994;
Rieseberg 1997; Gross & Rieseberg 2005; Abbott et al.
2010). The genetic mechanisms of HHS are less well
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understood than those of hybrid speciation accompanied by ploidy changes; thus, both the causes and the
consequences of HHS remain of interest (Abbott et al.
2010). An important step towards understanding HHS
is identifying historical events associated with the speciation events and their consequences for the genetic
composition of contemporary populations of the hybrid
species. However, reconstructing past evolutionary
events is by no means a trivial task if the investigated
species has multiple origins from genetically differentiated parental populations. In several HHS cases, the
parental contributions can be identified, but establishing
steps in the speciation process has proved difficult
 2011 Blackwell Publishing Ltd

C O L O N I Z A T I O N H I S T O R Y O F P I N U S D E N S A T A 3797
because of historical complexities following hybridization, such as sorting of ancestral variation or local introgression between the hybrid and parental species
(Arnold 1993; Gross et al. 2003). Similarly, gene flow
among populations could remove historical genetic
signatures of initial speciation events. Thus, recurrent
origins, differential introgression and population demographic processes after speciation can create complex
patterns of genetic diversity among hybrid populations.
Clearly, elucidating the processes that have influenced
the distribution and genetic composition of a hybrid
species requires the reconstruction of hybridization and
colonization events across a wide range of temporal
and spatial scales. For this purpose, joint analysis of
variation in the mitochondrial (mt) and chloroplast (cp)
genomes can be valuable, because they have contrasting
modes of inheritance, and thus provide opportunities to
trace the direction and intensity of hybridization events
during speciation. In the genus Pinus, mtDNA is maternally inherited and dispersed through seeds, while
cpDNA is paternally inherited and transmitted by
pollen and seeds (Neale & Sederoff 1989; Wang et al.
1996). Such contrasting patterns of inheritance and
transmission of mtDNA and cpDNA allow the effects
of differential levels of gene flow between seeds and
pollen to be distinguished and facilitates the identification of historical events affecting the genetic structure
of populations (Birky et al. 1989; Hu & Ennos 1999;
Petit et al. 2005; Zhou et al. 2010).
Pinus densata represents a highly successful case of
HHS with far-reaching evolutionary consequences. This
species forms extensive pure forests that regenerate well
on the southeastern (SE) Tibetan Plateau at elevations
ranging from 2700 to 4200 m above sea level (asl) (Wu
1956; Mao et al. 2009). Genetic analyses suggest that
P. densata originated from hybridization between
P. tabuliformis and P. yunnanensis without any change
in ploidy level (Wang & Szmidt 1994; Wang et al. 2001;
Liu et al. 2003; Song et al. 2003). Pinus tabuliformis is
widely distributed from northern to central China,
while P. yunnanensis has a relatively limited range in
southwestern China (Wu 1956). Previous authors have
hypothesized that the evolution of P. densata following
the initial hybridization events into a stabilized taxonomic unit was promoted by the uplift of the Tibetan
Plateau, after which the successful hybrid lineages colonized the new, empty plateau habitat that was inaccessible to both parental species (Wang & Szmidt 1994;
Wang et al. 2001; Ma et al. 2006). Ecological niche modelling has projected a vast area that may potentially be
inhabited by P. densata, making it perhaps the most
successful plant homoploid hybrid species in terms of
the geographic scale of establishment reported to date
(Mao & Wang 2011). However, the colonization events
 2011 Blackwell Publishing Ltd

that led to the extensive establishment of P. densata on
the Tibetan Plateau and their consequences for the
regional and global genetic diversity of its populations
remain unclear and need to be determined.
Environmental and habitat heterogeneity associated
with the uplift of the plateau are thought to have promoted rapid speciation in the region (Liu et al. 2006;
Yue et al. 2009; Xu et al. 2010). Large-scale climate fluctuations during the Pleistocene, together with topographic changes, played an important role in shaping
the genetic structure of Tibetan plants. Diverse patterns
of colonization have been detected in various groups of
plants in the region, and some of them show a distinct
signature of recent expansion into the plateau after the
last glaciation (Zhang et al. 2005; Meng et al. 2007),
while others suggest the persistence of populations on
the plateau in multiple small refugia throughout the
Last Glacial Maximum (LGM) (Yang et al. 2008; Wang
et al. 2009, 2010; Opgenoorth et al. 2010). Woody,
perennial species like P. densata with wide distributions
over the complex and varied terrain of SE Tibet and
adjacent regions could have undergone cycles of range
fragmentation and colonization during this period, leading to a complex geographic distribution of genetic
diversity over their ranges. Moreover, some populations
may have a conserved genetic structure, enabling identification of their demographic history before the Quaternary glaciations. However, because of the inadequate
geographic sampling in previous studies of P. densata,
the historical processes responsible for the present-day
distribution and population genetic structure of the species remain ambiguous. Therefore, in this study,
mtDNA and cpDNA variations were surveyed among
765 individuals sampled from 54 populations of
P. densata and its two putative parental species
throughout their ranges. Both mtDNA and cpDNA
markers were used to facilitate the investigation into
spatial variation with respect to the direction of hybridization and introgression among species and of historical seed and pollen dispersal. We addressed the
following questions. Where did P. densata originate?
How did it colonize the SE Tibetan Plateau? What
genetic events occurred in the hybrid zone and accompanied its colonization and evolution?

Materials and methods
Population sampling
Range-wide sampling of 26, 17 and 11 representative
populations of P. densata, P. tabuliformis and P. yunnanensis, respectively, were conducted from 2005 to 2010.
Needles were collected from 8 to 16 individual trees
selected at random in each mature stand and stored at
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)20 C until DNA isolation. For two P. tabuliformis populations (Nos. 42 and 43), bulked seeds of each stand
were used to grow small seedlings for genotyping. The
distribution of the 54 sampled populations is shown in
Fig. 1a, while the name, location and sample size of
each population are listed in Table 1.

flanking each SSR site for 20 polymorphic DNA samples. The primers used in the cpDNA sequencing
(Table S1, Supporting information) were designed
based on the complete cp genome of Pinus thunbergii
(Wakasugi et al. 1994).

Haplotype network analysis
DNA extraction, sequencing and genotyping
Total DNA was extracted from needles using a Plant
Genomic DNA kit (Tiangen, Beijing, China) according
to the manufacturer’s instructions. In total, DNA from
765 individuals representing the 54 populations was
isolated and used for mtDNA and cpDNA genotyping.
After conducting a preliminary survey of variation in
several mtDNA segments among the three pine species,
we selected the three most variable segments for population analysis: nad1 intron 2, nad4 intron 3 and nad5 intron
1. The primers used to amplify and sequence each
mtDNA segment, and the sizes of each product, are
listed in Supporting information Table S1 (Supporting
information). The purified PCR products were
sequenced directly using an ABI 3730 automated sequencer (PE Applied Biosystems). The unique sequences of
each mtDNA segment have been deposited in GenBank
under accession numbers HM467712–HM467735.
For the chloroplast genome, polymorphism among
the three species was analysed by genotyping five microsatellite (cpSSR) loci: Pt45002, Pt71936, Pt87268,
PCP1289 and PCP41131 (Vendramin et al. 1996; Provan
et al. 1998). PCR products were resolved using a
CEQ8000 capillary sequencer (Beckman-Coulter). Allele
identification and genotyping were performed using
CEQ8000 Fragment Analysis software (Beckman-Coulter). To confirm the repeat motif at each SSR locus and
that the allele size variation was because of changes in
SSR repeat length, we sequenced approximately 600 bp

Sequences were aligned using ClustalX 1.81 (Thompson
et al. 1997) and further refined manually. Unique mt
sequences (mitotypes) for nad1, nad4, nad5 and the concatenated sequence were identified among the sampled
individuals. Their relationships were then established
by median-joining networks using Network v. 4.5.1.6
(Bandelt et al. 1999). A complex 27-bp insertion ⁄ deletion region was found in each of the three mt segments
(position 410–436 in nad1, 165–191 in nad4, and 34–60 in
nad5; Table S2, Supporting information). We detected a
set of distinct sequence types (motifs) in this 27-bp
region and in all three segments (Table S2, Supporting
information). Given the potentially complex nature of
intron variation in the mt genome, the different
sequence types in this 27-bp region may or may not
have independent origins. Therefore, we treated this
27-bp region differently in analyses based on assumptions that (i) the different sequence types (motifs) arose
from independent insertion events and (ii) they arose
from a single insertion followed by multiple mutation
events. The first treatment gave the most compact network (Fig. 1b). In the second treatment, sequence alignment gaps exceeding 1 bp in length were treated as
single event mutations, while overlapping gaps were
treated as multiple-event length mutations and positioned to minimize the number of required mutational
events for the creation of the indel. Under this scheme,
as many as 11 point mutations and one indel event are
required to account for the two most divergent

Fig. 1 (a) Geographic distribution of the 54 sampled populations of the three pine species. (b) The distribution of the 29 mitotypes
detected in the three pine species. Pie charts show the proportions of mitotypes in each population. Seven groups (I–VII) of Pinus
densata defined by mtDNA SAMOVA are shown. Groups I and II are enlarged to illustrate their mitotype composition more clearly. The
network was constructed by treating the different sequence types in a 27-bp insertion ⁄ deletion region as independent events (see
Materials and methods for details). In the network, each link represents one mutation step. Circle size is proportional to the frequency of a mitotype over all populations. The mitotypes are divided into three groups: Pt (M1–10), Pd (M11–16) and Py (M17–29).
Each mitotype in group Pd is coloured individually, and length mutations in the 27-bp region are indicated with a bold line. Mitotype M24 of group Py is shared with P. densata and coloured in light blue to differentiate it from the other Py types (dark blue).
Three Pt mitotypes (M4, 7 and 8) were detected in P. densata and they are individually coloured in black, white and light green to
distinguish them from other Pt types (dark green). (c) The distribution and relationships of chlorotypes. Fifty common chlorotypes
(which each occurred more than twice) were clustered into two major groups. In the network, links represented by more than one
mutational step are indicated by hatched marks, and circle size is proportional to the frequency of a chlorotype over all populations.
Median vectors are represented as small grey circles. Two unique chlorotypes (coloured blue and green) of P. densata and a rare
chlorotype (brown) of P. yunnanensis that increased to high frequencies in the western part of the P. densata range are proportionally
illustrated for each population they were detected in. The pie chart for each population shows the proportions of the chlorotypes
from the different groups. Chlorotypes that occurred only once or twice over all populations are in black. The two groups (A and B)
of P. densata populations defined by SAMOVA are also shown.
 2011 Blackwell Publishing Ltd
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sequences within this 27-bp region. Networks were
constructed by both including and excluding gap
regions (Fig. S1, Supporting information). Compared to
(a)

(b)

(c)
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the first treatment, the second treatment produced long
networks with median vectors. Removing the gaps
reduced the number of haplotypes from 29 to 16, but
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Table 1 Geographic location, sample sizes (N), number of haplotypes (nh) and genetic diversity (He) of the 54 populations of the
three pine species
mtDNA
Species
Pinus densata*
Group I
Group II
Group III
Group IV
Group V

Group VI

Group VII

P. tabuliformis

P. yunnanensis

Population

1
2
3
4
Total
5
6
7
Total
8
9
10
11
12
13
14
15
16
17
Total
18
19
20
21
22
23
24
25
26
Total
Total
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
Total
44
45
46

Maerkang
Lixian 1
Lixian 2
Baoxing
group I-IV
Kangding
Yajiang
Xiangcheng
group V
Litang
Mangkang
Deqin
Gongshan 1
Zayu 1
Zayu 2
Zayu 3
Palung Zangbo 1
Palung Zangbo 2
Palung Zangbo 3
group VI
Niyang valley 1
Niyang valley 2
Niyang valley 3
Niyang valley 4
Niyang valley 5
Niyang valley 6
Yarlung Zangbo 1
Yarlung Zangbo 2
Yarlung Zangbo 3
group VII
P. densata
Ruoergai
Huzhu
Qilianshan
Guangyuan
Ningshan
Taibaishan
Ziwulin 1
Ziwulin 2
Helanshan
Dongsheng
Guandishan
Lingkongshan
Wutaishan
Songshan
Ningcheng
Kaiyuan
Jilin
P. tabuliformis
Jiulong
Zhongdian 1
Zhongdian 2

Longitude
(E)

Latitude
(N)

Altitude
(m)

10212¢
10248¢
10304¢
10243¢

3154¢
3139¢
3123¢
3045¢

2735
2705
2772
2330

10154¢
10101¢
9947¢

3011¢
3002¢
2855¢

2946
2189
3223

10022¢
9918¢
9852¢
9838¢
9708¢
9728¢
9713¢
9505¢
9530¢
9542¢

3031¢
2933¢
2826¢
2809¢
2830¢
2840¢
2908¢
3006¢
2954¢
2952¢

2936
3540
3477
1634
1649
2433
3264
2433
2651
2804

9322¢
9328¢
9329¢
9345¢
9410¢
9420¢
9311¢
9341¢
9414¢

2952¢
2953¢
2952¢
2949¢
2945¢
2939¢
2900¢
2908¢
2914¢

3670
3655
3606
3380
3203
3350
3500
3409
2960

10321¢
10227¢
10326¢
10606¢
10823¢
10710¢
10843¢
10845¢
10555¢
11018¢
11129¢
11202¢
11339¢
11557¢
11858¢
12406¢
12636¢

3342¢
3657¢
3726¢
3237¢
3328¢
3402¢
3538¢
3605¢
3844¢
4047¢
3753¢
3636¢
3853¢
4027¢
4216¢
4218¢
4205¢

1348
2300
2400
2947
1423
1200
1118
1100
2147
1400
1500
1664
1328
1700
1300
400
500

10130¢
9932¢
10003¢

2900¢
2809¢
2711¢

3129
3048
2009

cpDNA

N

nh

He

N

nh

He

13
16
16
16
61
16
14
16
46
11
13
16
16
16
16
16
16
16
16
152
15
15
15
16
16
16
16
16
16
141
400
16
8
8
16
16
8
8
8
16
8
8
8
16
8
8
16
8
184
16
16
16

4
4
1
2
7
1
1
2
2
1
1
1
2
1
1
1
2
1
1
3
1
1
1
1
1
1
1
1
1
1
10
3
1
1
1
3
1
1
2
2
2
1
2
2
2
2
2
3
9
2
2
3

0.679
0.617
0
0.533
0.765
0
0
0.325
0.125
0
0
0
0.233
0
0
0
0.125
0
0
0.039
0
0
0
0
0
0
0
0
0
0
0.704
0.342
0
0
0
0.342
0
0
0.250
0.325
0.429
0
0.429
0.325
0.250
0.250
0.400
0.607
0.824
0.458
0.125
0.667

16
16
16
16
64
16
14
16
46
9
15
16
16
16
16
16
16
16
16
152
16
16
16
16
16
16
16
16
16
144
406
16
8
8
16
16
8
8
8
16
8
8
8
16
8
8
16
8
184
16
16
16

12
14
13
9
38
8
11
12
21
6
8
7
7
8
6
8
5
7
5
34
7
3
4
5
4
7
4
8
5
13
80
15
8
8
11
16
7
6
8
11
7
7
7
13
8
5
13
7
108
10
9
8

0.958
0.983
0.975
0.883
0.978
0.875
0.950
0.967
0.944
0.889
0.905
0.750
0.742
0.875
0.783
0.900
0.708
0.850
0.533
0.921
0.842
0.625
0.642
0.700
0.617
0.850
0.575
0.917
0.825
0.777
0.935
0.992
1.000
1.000
0.950
1.000
0.964
0.929
1.000
0.942
0.964
0.964
0.964
0.975
1.000
0.893
0.975
0.964
0.989
0.825
0.917
0.858
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Table 1 (Continued)
mtDNA
Species

Population
47
Lijiang
48
Binchuan
49
Gongshan 2
50
Baoshan
51
Miyi
52
Kunming
53
Yiliang
54
Yuxi
Total P. yunnanensis
Total 3 species

Longitude
(E)

Latitude
(N)

Altitude
(m)

10013¢
10021¢
9849¢
9908¢
10201¢
10237¢
10310¢
10209¢

2653¢
2558¢
2558¢
2428¢
2655¢
2458¢
2443¢
2415¢

2493
3141
1616
1897
2047
2242
1846
1849

*Grouping within P. densata follows the division from the mtDNA

the general topology of the network was not affected.
Taking into account the low mutation rate of the mt
genome in gymnosperms (Drouin et al. 2008), it is
highly unlikely that the same multi-mutational process
occurred in all three segments to generate identical
sequence motifs between segments; hence, it is more
likely that each motif occurred as an independent
event. Thus, only the results from the most parsimonious treatment of scheme 1 are presented in the main
text of this article.
Our sequencing of 20 polymorphic DNA samples in
each cpSSR segment confirmed the presence of the single A ⁄ T repeat motif at each locus and that the size
variation was attributable to changes in the number of
repeat units (A ⁄ T). Size scores over the five cpSSR loci
in each individual were combined into a 5-locus chloroplast haplotype (chlorotype). One hundred and
eighty-two chlorotypes were detected in the 765 individuals we sampled. Relationships among the chlorotypes were reconstructed using the median-joining
model implemented in Network v. 4.5.1.6. For simplicity, only the chlorotypes that occurred more than twice
in our samples are shown in the network presented in
Fig. 1c.

Genetic diversity analyses
All genetic diversity analyses were based on individual
genotypes. For both mtDNA and cpDNA, the observed
number of haplotypes and genetic diversity were calculated for each population, groups of populations and
for each species. Genetic differentiation among populations and groups of populations were estimated by
analysis of molecular variance (AMOVA; Excoffier et al.
1992) with significance tests based on 1000 permutations. These analyses were performed using Arlequin v.
3.0 (Excoffier et al. 2005).
 2011 Blackwell Publishing Ltd

cpDNA

N

nh

He

N

nh

He

16
16
16
16
15
16
16
16
175
759

4
3
2
2
4
2
2
7
14
29

0.675
0.700
0.125
0.233
0.467
0.325
0.125
0.850
0.748
0.886

16
16
16
16
15
16
16
16
175
765

9
9
9
11
9
8
8
4
42
182

0.900
0.883
0.900
0.933
0.817
0.700
0.850
0.692
0.868
0.962

SAMOVA.

The population structure in each species was analysed by comparing two coefficients of population divergence for both mtDNA (GST and NST) and cpSSR (GST
and RST). GST is solely based on allele frequencies, while
NST (or RST) takes into account the similarities or relatedness among haplotypes. Thus, a significantly higher
NST (or RST) value than GST implies that closely related
haplotypes occur geographically closer to each other
than distantly related haplotypes, indicating significant
phylogeographic structure. The program Permut &
CpSSR v. 2.0 (Pons & Petit 1996) was applied to compare GST vs. NST or RST values using 10 000 random
permutations.
To assess the genetic structure in P. densata, the spatial variance in mitotype and chlorotype distributions
was analysed using SAMOVA 1.0 (Dupanloup et al. 2002).
This program implements a simulated annealing
approach to define groups of populations (K) that maximize the proportion of total divergence because of differences between groups of populations (FCT). In this
analysis, K values ranging from 2 to 10 for each mitotype and chlorotype data set were tested to search for
the K that gave the highest FCT or at which FCT began
to plateau. The significance of each FCT was tested by
simulating the annealing process 1000 times. Isolation
by distance between populations was tested by regressing pairwise population differentiation (FST) against the
geographic distance between populations, with 10 000
random permutations in Arlequin.
To infer historical population expansion by P. densata,
mismatch distributions of both mtDNA and cpDNA
data were analysed, again using Arlequin. In this analysis, cpSSR data were coded in a binary format following
the method described by Navascués et al. (2006). A
total of 10 000 parametric bootstrap replicates were
used to generate an expected distribution under a
model of sudden demographic expansion (Rogers &
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Harpending 1992) and to test the goodness of fit of the
demographic model.

Results
Relationships and spatial distributions of mitotypes
and chlorotypes
Sequences of the three selected mtDNA segments were
obtained from 759 individuals (http://hdl.handle.net/
10255/dryad.33590). After excluding regions of low
sequence quality, the joint length of the three segments
varied from 1443 to 1468 bp among individuals. Six,
eight and seven mitotypes were detected in the nad1,
nad4 and nad5 regions, respectively. The mitotype relationships and their spatial distribution are presented
separately for each mt segment in Fig. S2 (Supporting
information). In general, clear species-specific and ⁄ or
geographic region-specific mitotype distributions were
detected for all three mt segments. For nad1, a P. densata-specific mitotype (A, Fig. S2A, Supporting information) was particularly prominent as it dominated most
of the populations throughout the species range. For
nad4, most of the P. densata populations shared a common mitotype found in the western range of P. tabuliformis (A, Fig. S2B, Supporting information), and for
nad5, major mitotypes of P. tabuliformis and P. yunnanensis were found in P. densata populations (Fig. S2C,
Supporting information).
For the concatenated mt sequence, a total of 29 mitotypes were identified, which could be divided into three
groups, designated Pt, Pd and Py. Group Pt consisted of
10 mitotypes (M1–10, Fig. 1b) found in P. tabuliformis
and two eastern P. densata populations (Nos. 1 and 2)
adjacent to the P. tabuliformis range. Group Py consisted
of 13 mitotypes (M17–24), all of which were only found
in populations of P. yunnanensis, except for M24, which
was also detected in the eastern range of P. densata
(population Nos. 2 and 3). Group Pd mitotypes (M11–
16) were found in various regions of the P. densata distribution. Within each mitotype group, all neighbouring
haplotypes were separated by one mutational step. The
two most divergent groups (Pt and Py) differed by at
least three mutational steps (Fig. 1b). The Pd mitotypes
(M11–16) were intermediate between those of the Pt
and Py groups.
A strong geographic pattern of mitotype distribution
was observed in P. densata (Fig. 1b). The three most
common mitotypes (M11, 12 and 13) each occupied a
large area with little geographic overlap. The eastern
region of P. densata (Nos. 1–4) was mitotype-rich, with
mitotypes M12, 15 and 16 of the Pd group, two major
(M4 and 8) and one rare (M7) mitotype of the Pt group,
and a major mitotype (M24) of the Py group. The distri-

bution of these mitotypes within the eastern region was
also clearly structured locally, suggesting limited seed
migration, at both the regional scale and the species
range-wide scale in P. densata.
A total of 765 individuals were genotyped at the five
cpSSR loci (http://hdl.handle.net/10255/dryad.33590).
The number of haplotypes varied from 3 to 17 among
loci, and when combined they defined 182 chlorotypes,
50 of which occurred more than twice in our samples.
Network analysis of these 50 common haplotypes identified two haplotype groups (Fig. 1c). Chlorotypes in
group-1 (C1–23) were characteristic of P. tabuliformis
and four northeastern P. densata populations (Nos. 1–4,
Fig. 1c). Group-2 chlorotypes (C24–50) dominated all
P. yunnanensis populations and the remaining 22 populations of P. densata (Nos. 5–26). Among these 22
P. densata populations, 12 (Nos. 15–26) in the western
range were represented by three chlorotypes (shown in
blue, green and brown in Fig. 1c) with a joint frequency
of 75%. Two of these chlorotypes (shown in blue and
green) were unique to this group of P. densata populations and represent the most divergent chlorotypes in
the cpDNA network. The third (shown in brown) was
shared with P. yunnanensis, but the frequency was
much lower (4%) in P. yunnanensis than in this group
of P. densata populations (33%). This pattern of chlorotype distribution in P. densata suggests that its central
and western ranges have received paternal genetic
contributions predominantly from P. yunnanensis, and
while the central part may still experience current
pollen flow from P. yunnanensis, the western range of
its distribution seems has been in isolation from parental gene flow for a long time.

Putative mtDNA recombination in P. densata
A total of 10 mitotypes (M4, 7, 8, 11–16 and 24, Fig. 1b)
were detected in P. densata populations, of which M4, 7
and 8 were from the Pt group, and M24 from the Py
group. The sequence structures of these mitotypes over
five polymorphic sites are illustrated in Table 2. Mitotypes M11–16 showed combinations of polymorphic
sites characteristic of the Pt and Py group mitotypes in
nad1 and nad4. For nad5, M13 and 14 had a motif that
was not present in the Pt and Py groups in this mtDNA
segment, but the same motif was found in nad1 and
nad4 of the Py mitotypes. Taking all five polymorphic
sites together (in the order listed in Table 2), the Pd
mitotypes can be coded as follows: M11 PyPtPtPtyPt,
M12
PyPtPtPtyPty,
M13
PyPtPtPdPty,
M14
PyPtPyPdPty, M15 PyPdPtPtyPty and M16 PyPyPtPtyPty (Table 2), where Pty denotes shared polymorphism between the Pt and Py groups. These
sequence structures are suggestive of recombination
 2011 Blackwell Publishing Ltd
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Table 2 Sequence structure of the 10 mitotypes detected in
Pinus densata populations over five polymorphic sites. The
nucleotide positions indicated in the nad1, nad4 and nad5 columns refer to the alignment positions in Table S2, (Supporting
information)
nad1
Mitotype

270

410–436

nad4

nad5

165–191

34–60

293

M4

G

C

M7

G

C

M8

G

A

M11

A

A

M12

A

C

M13

A

C

M14
M15

A
A

C
C

M16

A

C

M24

A

C

GGTGGGGGGGCTTAT.
GCCTCCCAAATAAGTAAAAAAAG.
GCCCCCCCAAATTAAGTCAAAAAAAGG.

between the polymorphic sites distinguishing the Pt
and Py groups. To test this hypothesis, we performed a
four-gamete test (Hudson & Kaplan 1985) for all pairwise polymorphic sites. Recombination within a segment flanked by a pair of polymorphic sites can be
inferred when all four possible gametic combinations
are observed. The sequence structures illustrated in
Table 2 show that M4 and M15 each contained a 3rd
variant (motif ) at site 165–191 in nad4 and 410–436 in

nad1, respectively. As this motif appeared only once at
each site and its presence prevents the application of
the four-gamete test, we thus removed M4 and M15
from the data used in this test. Among the 10 possible
pairwise comparisons between the five polymorphic
sites, three pairs of sites, (1, 5), (2, 3) and (3, 4), satisfied
the four-gamete criterion, and a minimum of two
recombination events between site pairs (2, 3) and (3, 4)
were involved in the evolutionary history of the eight
remaining mitotypes listed in Table 2. Sites 1–5 refer to
the five sites listed in Table 2 from left to right. Pd mitotypes M11–16 could potentially have been created by
recombinations involving: (i) parental mitotypes M7 or
M8 with M24, e.g., the origin of M11, 12 and 16; (ii)
hybrid backcrosses with a parental mitotype, e.g., the
origin of M11, 12, 14 and 16; and (iii) an interaction
between hybrids, e.g., the origin of M12 and 13
(Tables 2 and S3, Supporting information). M13 (and
14) and M15 each had a motif in nad5 ( ) and nad1 ( )
that was not detected in the parental species (Table 2).
These two motifs could have originated from recombination with other species not included in this study or
from other gene segments. To evaluate these two
hypotheses, we further sequenced the same three mt
segments in another five species of the subgenus Pinus
in nearby Asian regions: P. massoniana, P. merkusii,
P. densiflora, P. thunbergii and P. kesiya. However, none
of these species had the motif found in M13 (and 14)
and M15 in nad5 and nad1, respectively (our unpublished data). This excludes the possibility that they were
inherited from other pine species and instead suggests
they originated from inter-mt segment recombinations.

Table 3 Average genetic diversity within populations (HS), total genetic diversity (HT) and two coefficients of population divergence
for mtDNA (GST and NST) and cpDNA (GST and RST) in the three pine species
Species
mtDNA
Pinus densata
P. tabuliformis
P. yunnanensis
Within P. densata
Group I-IV
Group V
Group VI
Group VII
cpDNA
P. densata
P. tabuliformis
P. yunnanensis
Within P. densata
Group A
Group B

No. of populations

HS (SE)

HT (SE)

GST (SE)

NST or RST (SE)

26
17
11

0.117 (0.0409)
0.232 (0.0474)
0.432 (0.0796)

0.735 (0.0490)
0.841 (0.0432)
0.777 (0.0577)

0.841 (0.0503)
0.724 (0.0598)
0.444 (0.1045)

0.758 (0.0774)
0.831 (0.0475)*
0.445 (0.0809)

4
3
10
9

0.457 (0.1554)
0.108 (0.0183)
0.036 (0.0252)
Monomorphic

0.874 (0.1272)
0.125 (0.1094)
0.037 (0.0259)
Monomorphic

0.477 (0.1632)
0.133 (NC)
0.040 (NC)
0

0.588 (0.2271)
0.133 (NC)
0.059 (NC)
0

26
17
11

0.812 (0.0249)
0.970 (0.0073)
0.842 (0.0250)

0.929 (0.0189)
0.989 (0.0037)
0.864 (0.0226)

0.126 (0.0161)
0.019 (0.0060)
0.026 (0.0140)

0.116 (0.0514)
0.184 (0.0914)*
0.051 (NC)

4
22

0.950 (0.0228)
0.788 (0.0261)

0.985 (0.0114)
0.901 (0.0205)

0.036 (0.0250)
0.125 (0.0185)

0.036 (0.0641)
0.078 (0.0393)

*NST or RST is significantly different from GST (P < 0.01).
SE, standard error; NC, not calculated because of low variation among populations.
 2011 Blackwell Publishing Ltd
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siderably among them. In P. densata, 20 of the 26 populations examined were monomorphic for particular
mitotypes, and this species had the lowest average
within-population diversity (HS = 0.117) and highest
differentiation among populations (GST = 0.841) of the
three species. Of the 17 P. tabuliformis populations, six
were monomorphic and 11 were polymorphic
(HS = 0.232, GST = 0.724), while all 11 P. yunnanensis
populations examined were polymorphic (HS = 0.432,
GST = 0.444). AMOVA of mtDNA variation (Table 4) confirmed these findings, showing that 80.46%, 80.09%
and 44.63% of the total diversity was because of population divergence in P. densata, P. tabuliformis and
P. yunnanensis, respectively.

The motif ( ) in nad1 of M15 was found in nad4 of M4,
and the motif ( ) in nad5 of M13 and M14 was found in
nad1 and nad4 of M24. Thus, recombination between
different nad segments involving M4 and M24 was
probably responsible for the sequence structure in M15,
and both M13 and 14, respectively.

Distribution of mtDNA and cpDNA diversity
Among the three species. Although high levels of total mt
genetic diversity (HT) were detected in all three species
(0.841 in P. tabuliformis, 0.777 in P. yunnanensis and
0.735 in P. densata; Table 3), the partitioning of the
diversity within and among populations differed con-

Table 4 Analysis of molecular variance (AMOVA) in mtDNA and cpDNA in the three pine species

Species
mtDNA
Pinus densata
P. tabuliformis
P. yunnanensis
Within P. densata

Group I-IV
Group V
Group VI
Group VII
cpDNA
P. densata
P. tabuliformis
P. yunnanensis
Within P. densata

Group A
Group B

Source of variation

d.f.

SS

Variance
components

Percentage of
variation

Among populations
Within populations
Among populations
Within populations
Among populations
Within populations
Among 7 groups
Among populations
within groups
Within populations
Total
Among populations
Within populations
Among populations
Within populations
Among populations
Within populations
Among populations
Within populations

25
374
16
167
10
164
6
19

235.534
54.784
178.630
42.190
48.092
57.062
233.849
1.684

0.603
0.146
1.020
0.250
0.280
0.348
0.819
-0.004

80.46**
19.54
80.09**
19.91
44.63**
55.37
85.16**
-0.39**

FCT = 0.85**
FSC = )0.03**

374
399
3
57
2
43
9
142
8
132

54.784
290.317
51.471
41.971
0.734
4.875
0.951
7.938
0
0

0.146
0.962
1.079
0.736
0.017
0.113
0.003
0.056
0
0

15.23**

FST = 0.85**

59.45**
40.55
12.75
87.25
5.54
94.46
0
0

FST = 0.59**

25
380
16
167
10
164
1
24

120.549
355.752
32.500
215.625
13.080
131.188
54.259
66.289

0.249
0.936
0.069
1.291
0.032
0.795
0.477
0.117

21.00**
79.00
5.07**
94.93
3.88**
96.12
31.18**
7.66**

FST = 0.21**

FCT = 0.31**
FSC = 0.11**

380
405
3
60
21
320

355.752
476.300
6.281
78.812
60.008
276.939

0.936
1.239
0.049
1.314
0.128
0.865

61.17**

FST = 0.39**

3.58*
96.42
12.90*
87.10

FST = 0.04*

Among populations
Within populations
Among populations
Within populations
Among populations
Within populations
Among 2 groups
Among populations
within groups
Within populations
Total
Among populations
Within populations
Among populations
Within populations

F-statistics

FST = 0.81**
FST = 0.80**
FST = 0.45**

FST = 0.13
FST = 0.06
FST = 0

FST = 0.05**
FST = 0.04**

FST = 0.13*

*P < 0.05; **P < 0.01.
d.f., degrees of freedom; SS, sum of squares.
 2011 Blackwell Publishing Ltd
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For cpDNA, high levels of both total genetic diversity
HT (0.864–0.989) and average within-population diversity HS (0.812–0.970) were detected in all three pine
species. Population differentiation for cpDNA (GST =
0.019–0.126) was significantly lower than that for
mtDNA. Pinus densata had much higher GST (0.126) than
P. tabuliformis (0.019) and P. yunnanensis (0.026). This
differentiation pattern was confirmed by AMOVA, which
attributed 21%, 5.07% and 3.88% of the total cpDNA
variation to population divergence in P. densata, P. tabuliformis and P. yunnanensis, respectively. Comparisons
of mtDNA GST vs. NST and cpDNA GST vs. RST indicated that NST and RST values were significantly greater
than GST values in P. tabuliformis (Table 3), suggesting
the presence of phylogeographic structure in this species, but not in the other two species.
Within P. densata. Analysis of mtDNA spatial genetic
structure across all populations of P. densata using SAMOVA showed that FCT began to plateau at K = 7
(FCT = 0.852, P < 0.001). The four populations (Nos. 1–4)
in the most northeastern part of the species’ range were
each recognized as a separate group (I, II, III and IV,
respectively; Fig. 1b). Populations 5–7, 8–17 and 18–26
clustered as another three other groups (V, VI and VII,
respectively; Fig. 1b). Thus, in contrast to group I-IV,
groups V, VI and VII each spanned a large geographic
region. With the exception of groups I, II and IV, levels
of mtDNA diversity within each group were very low;
group III was monomorphic for M24, group V contained two mitotypes (M13, 14) with one appearing in
only three individuals, group VI was almost monomorphic for M12, and VII was monomorphic for M11. At
the geographic scale, the northeastern region of P. densata’s range (the location of groups I-IV) was most striking in that the highest mtDNA diversity (HT = 0.874)
and population differentiation (GST = 0.477, 59.5%
according to AMOVA) occurred within a relatively small
area (Tables 3, 4). In this region, the mismatch distribution indicated that a recent expansion model for
mtDNA should be rejected (Pmt(SSD) < 0.05), and the
Mantel test found no correlation between the pairwise
genetic distances (FST) and geographic distances
(Pr > 0.05). Thus, the near fixation of different mitotypes
in each group (population), together with the lack of
isolation by distance and the stable demographic history of populations in the northeastern region of
P. densata’s range, indicates that genetic drift has been
the main contributor to population diversity in this
area. Mismatch distribution and Mantel tests could not
be applied to mtDNA data from groups V, VI and VII
because of the low levels of polymorphism.
A SAMOVA of cpDNA variation in P. densata showed
that genetic differentiation among groups was the high 2011 Blackwell Publishing Ltd

est (FCT = 0.312, P < 0.001) when K = 2. Under this division, the four most northeastern populations (Nos. 1–4)
harbouring chlorotypes representative of P. tabuliformis
clustered as one group (A, Fig. 1c), while the remaining
22 populations dominated by group-2 chlorotypes
formed another group (B, Fig. 1c). Within each of the
groups A and B, cpDNA diversity was high (HT = 0.985
and 0.901, respectively) and population differentiation
low (GST = 0.036 and 0.125, respectively). Group A corresponds to the mtDNA groups I-IV (Fig. 1b,c). The
low cpDNA population differentiation in the region
inhabited by this group contrasts strongly with the high
GST obtained from the mtDNA analysis. Group B corresponds to mtDNA groups V–VII. The cpDNA GST in
this group was higher than that in group A, probably
because of the differences in chlorotype composition
between the eastern and western parts of group B. The
cpDNA mismatch distribution test indicated that a
recent expansion model should be rejected for both
groups A and B (Pcp(SSD) < 0.01). In addition, the Mantel
test suggested that there was no significant correlation
between genetic and geographic distances in group A
(Pr > 0.05), but a modest relationship was found for
group B (r = 0.411, P < 0.01).

Discussion
The ancestral hybrid zone
High levels of total genetic diversity and population
differentiation were detected in P. densata at both
mtDNA and cpDNA loci. The distribution of the variation was geographically highly structured. The most
genetically complex populations were those located in
the northeastern periphery of the P. densata range
(groups I–IV). Both major and rare mitotypes representative of P. tabuliformis, P. yunnanensis and P. densata
were all detected in populations from this region. Population differentiation for mtDNA in this region was as
high as 59.5% (Table 4), and SAMOVA indicated that each
of the four populations in this region was genetically
distinct. In contrast, population differentiation for
cpDNA in this region was low (3.6%), and all populations were dominated by P. tabuliformis chlorotypes,
indicating that pollen flowed predominantly from this
species in the northeastern range of its distribution. The
contrasting pattern of population differentiation at
mtDNA and cpDNA loci suggests that seed migration
among these populations was limited, and gene flow
via pollen linked the populations in this region. Such
asymmetric diversity between mtDNA and cpDNA
is often observed in comparisons of maternally and
paternally inherited organellar DNA in conifers
(e.g. Petit et al. 2005; Du et al. 2009; Gugger et al. 2010).
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The contemporary distributions of P. tabuliformis and
P. yunnanensis are allopatric. However, the presence of
the common P. yunnanensis mitotype M24 in populations of P. densata in the region of its range adjacent to
the P. tabuliformis range suggests that P. yunnanensis
previously occurred in this region and that it hybridized with P. tabuliformis in places where they overlapped, as both of these species appear to have acted as
maternal parents. Because of the dominant unidirectional pollen flow, from P. tabuliformis to P. densata,
into the region, a large proportion of these populations
appear to have backcrossed to P. tabuliformis. This finding is consistent with previous reports of admixtures of
both P. tabuliformis and P. yunnanensis components in
mt, cp and nuclear genomes in populations of P. densata from this region (Wang & Szmidt 1994; Wang et al.
2001; Song et al. 2003). It is also consistent with hypotheses regarding evolutionary history that relates to the
past geological events in the region. Significant
increases in the altitude of the eastern Tibetan Plateau
are thought to have occurred approximately 8 Ma
(Harrison et al. 1992; Zhisheng et al. 2001), and drastic
geographic and climatic changes during the Plio-Pleistocene could have altered the regional flora and separated
overlapping or parapatric species (Florin 1963; Frenzel
1968). While hybridization could have occurred in the
previously overlapping zone between P. yunnanensis
and P. tabuliformis, the uplift of the eastern Tibetan
Plateau and associated climate changes could have
gradually pushed the northern edge of the P. yunnanensis range southward to its present-day distribution, and
populations in the ancestral hybrid zone became fragmented and isolated. The mismatch distribution tests
applied to both the mtDNA and cpDNA data indicated
that the populations in this ancestral hybrid zone have
not undergone recent expansion. This region is recognized as one of the lowland refugial areas at the southern and eastern fringes of the Tibetan Plateau
(Lehmkuhl 1998; Frenzel et al. 2003); thus, ancestral
polymorphism could have been preserved. This
sequence of events would result (as observed) in a
mitotype-rich region in which major parental types, as
well as unique hybrid types that arose through mutation and recombination, were present.
Recombination in the uniparentally inherited mt genome is a rare phenomenon, but nonetheless has been
detected in various groups of plants under natural
conditions (Städler & Delph 2002; Jaramillo-Correa &
Bousquet 2005; Houliston & Olson 2006; Galtier et al.
2009; Marques et al. 2010). In most cases, occasional
paternal leakage-induced heteroplasmy is considered to
be the most plausible origin of putative recombinant
mitotypes (Städler & Delph 2002; Jaramillo-Correa &
Bousquet 2005). Interparental mtDNA recombination

mediated by transient heteroplasmy could be promoted
by incomplete reproductive isolation in hybrid zones,
creating rare mitotypes between hybridizing species
(Rokas et al. 2003; Jaramillo-Correa & Bousquet 2005).
Accordingly, elevated haplotype diversity as a result of
mitochondrial genome recombination has been reported
in the contact zone between two hybridizing spruce
species in North America (Jaramillo-Correa & Bousquet
2005). The intermediate mitotypes detected in P. densata
are suggestive of recombination between diverged
parental haplotypes. In the three mtDNA segments, the
hybrids had combinations of both distinct parental
motifs and motifs that were not detected in the parental
species. As it is very unlikely that these combinations of
polymorphisms arose from independent recurrent
mutation ⁄ indel events, but instead were probably inherited as such, recombination best explains this diversity.
The results of the four-gamete test indicate that at least
two recombination events have contributed to the
P. densata haplotypes. Accurate reconstruction of the
origin of each P. densata mitotype is not feasible as
there are compatible, rather than mutually exclusive,
recombination possibilities for most of the Pd mitotypes. For example, M12 could be hypothetically created by 15 different recombinations (Table S3,
Supporting information). Nonetheless, from the distribution of the sequence structures we conclude that both
site-homologous recombination (between or among
parental, hybrid and parental, and hybrid haplotypes)
and recombination across mtDNA segments are likely
to be the mechanisms responsible for the high mitotype
diversity in P. densata. These putative recombinations
could have occurred in an ancestral hybrid zone, where
recurrent hybridization between parental species, backcrossing and intercrossing among hybrid progenies all
occurred within the region over time. Another interesting possibility is that all the Pd mitotypes could have
been generated from the parental polymorphisms present in the putative hybrid zone, without involving other
mitotypes from other allopatric populations of the
parental species. This regional ‘self-sufficient’ property
in the genetic material for generating all the mitotypes
of P. densata further supports the hypothesis that the
northeastern part of its range (the location of groups
I–IV) represents the ancestral hybrid zone, where this
species originated.
Although ‘leaking’ maternal cpDNA may have had
analogous chances of being transmitted to the hybrids,
bi-parental inheritance is regarded as insufficient for
interparental recombination in the chloroplast genome
(Petit & Vendramin 2007), and few putative chloroplast
recombination events have been reported in plants
(Marshall et al. 2001; Ståhlberg & Hedrén 2008).
In P. densata, chlorotypes were clustered into two
 2011 Blackwell Publishing Ltd
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well-separated groups with either parent, and there
were no intermediate types between the two parental
groups. Such a clear division of the chlorotypes suggests that recombination between parental cp genomes
is rare and undetectable in P. densata, at least based on
the cpSSR data analysed in this study.

The route and history of colonization
The M12 mitotype detected in the ancient hybrid zone
was found to have colonized a large region (occupied
by group VI) in the west of the P. densata range
(Fig. 1b). Its close variant M11 was found further west,
and to be established in group VII, while two other
unique P. densata mitotypes, M13 and 14, have colonized group V immediately to the west of the hybrid
zone. This geographic distribution of mitotypes indicates a westward seed migration. The distribution of
cpDNA indicated that pollen flow into P. densata across
most of its range (except the ancestral hybrid zone
region) was dominated by flow from P. yunnanensis.
However, a distinct increase in frequencies of cpDNA
alleles from P. yunnanensis was observed in populations
in the most western part of P. densata’s range. These
populations (Nos. 15–26) had the highest frequencies of
parentally derived chlorotypes and allelic frequencies
that diverged from those of populations in the other
regions. This pattern of spatial genetic structure suggests that populations in the western part of P. densata’s
range have been isolated from the parental species by
seed and pollen exchange for a long time.
A distinct feature along the proposed colonization
route of P. densata into the plateau is the significant
decline in genetic diversity of both mtDNA and cpDNA.
As it spread from the eastern margin of the plateau
(where populations are highly polymorphic) westward,
fixation of different mtDNA alleles appears to have
occurred, resulting in a global GST of 0.841 for the species. A similar, but less pronounced, pattern was
detected for cpDNA. This decline in genetic diversity
along the colonization route strongly indicates that the
species was affected by a series of bottlenecks or founder
effects, which are likely to have influenced the seedtransmitted mt genome much more strongly than the
pollen- and seed-transmitted cp genome because of the
much higher migration ability of the latter (Birky et al.
1989; Hu & Ennos 1999; Petit et al. 2005). The maternal
genetic structure established during colonization could
have persisted for a long time under limited seed migration. Theory suggests that spatial expansion can generate
allele frequency gradients, promote the surfing of rare
alleles into newly occupied territories and induce structuring in newly colonized areas, resulting in distinct populations of low genetic diversity (Klopfstein et al. 2006;
 2011 Blackwell Publishing Ltd

Excoffier et al. 2009). Rare or low-frequency alleles
should theoretically have a higher probability of reaching
high frequencies at the expansion wave front, in addition
to rare alleles becoming fixed by drift in newly colonized
areas, particularly when the founder population is relatively small (Klopfstein et al. 2006; Hallatschek & Nelson
2008). In contrast, in their place of origin, these mutations
may often disappear or remain at low frequencies; thus,
the area with the highest frequency of an allele is not necessarily its place of origin (Edmonds et al. 2004). In this
process, some ancestral haplotypes can be lost over time
by lineage sorting. The fixation of unique mitotypes at
various places in the distribution of P. densata was likely
caused by allele surfing during its expansion, in which
the M12 mitotype became nearly fixed in group VI, far
away from its place of origin in the hybrid zone. M13
and 14, which colonized group V, were not found in the
ancient hybrid zone. These are likely examples of rare
alleles that were lost in the zone over time, but drifted to
fixation in a new area during range expansion. Thus, the
westward migration of P. densata from the hybrid zone
was probably not a single wave event, but at least two
events have likely occurred, leading to the establishment
of groups V and VI, respectively. Population no. 8 is situated north of group V. This population is monomorphic
with M12 rather than contains M13 or 14 of group V. This
distinct geographic separation of mitotypes further supports two parallel routes out of the hybrid zone. M11 differs from M12 by one point mutation. Although it could
have been created by recombination between M8 and
M12 (Tables 2 and S3, Supporting information), the simplest hypothesis is that it arose from a mutation of M12
in group VI, and subsequently colonized group VII,
marking a third major colonization event. Surfing is
favoured more in haploid genomes than in diploid
genomes, because of their smaller effective population
size, and more in mtDNA (because of its limited dispersal rate) than the cp genome in conifers. Nevertheless,
we found two new and one rare cpDNA alleles that
appear to have drifted to high frequencies in populations
on the western part of the plateau, which probably reflect
surfing on the cp genome.
Similar reductions in genetic diversity from the east
to the west of the plateau have been detected in several
other Tibetan plants (Zhang et al. 2005; Meng et al.
2007; Yang et al. 2008). This trend is often attributed to
a series of migration-induced bottlenecks and drift during postglacial colonization. However, the observed
genetic structure of P. densata does not support the
hypothesis of a recent colonization of the Tibetan
Plateau after the last glaciations for two reasons. First,
recently expanded populations usually harbour a subset
of alleles of the source population (Hewitt 2000; Petit
et al. 2003). Contrary to this expectation, the mitotypes
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fixed in groups V and VII are unique and were not
found in the ancestral hybrid zone. Second, as discussed previously, recombination in the mt genome is a
rare phenomenon in plants and occurs only occasionally
over long timescales (Jaramillo-Correa & Bousquet
2005). As shown in the contact zone between Picea mariana and P. rubens, for instance, recombinant mitotypes
are only detected in and around the contact zone with
very restricted and clumped distributions (JaramilloCorrea & Bousquet 2005). Thus, the recombinant
P. densata mitotypes that have spread far into the west
of the plateau, over a large complex landscape, could
represent long colonization histories but not recent
migrations from the hybrid zone.
Ancient genetic structure could have been preserved
if populations persisted during the glaciations in multiple small regional refugia, from which small-scale
regional expansions occurred following postglacial climate warming. Geological studies suggest that this is
possible, because the Quaternary glaciations in Tibet
were geographically limited to isolated mountain
groups or smaller plateaus in higher mountains, and
there is no evidence for extensive whole plateau glaciation (Shi 2002; Lehmkuhl & Owen 2005; Zhou et al.
2006). There is also genetic evidence that other plants,
e.g., Tibetan junipers, survived in multiple places on
the plateau during the LGM, and in these junipers,
there has been little admixture between lineages originating from different refugia (Opgenoorth et al. 2010).
In addition, three geographic clusters (each with a distinct cpDNA lineage) of the Tibetan shrub Hippophae
tibetana, which has an almost sympatric distribution to
P. densata, have been found (Wang et al. 2010). The
divergence time of these lineages has been dated back
to 3.15 Myr ago (Wang et al. 2010). Similar ancient geographic isolation histories and persistence of populations on the plateau over glaciation cycles in SE Tibet
have also been proposed for other herbs (Yang et al.
2008; Gao et al. 2009; Wang et al. 2009). The highly differentiated groups of P. densata suggest that this species persisted in the deep SE Tibetan valleys during the
glacial periods. The vertical distance between the bottoms of the valleys and upper tree limit in these river
systems can exceed 1000 m. Hence, the valleys could
have provided a climatic buffer within the plateau area,
in which various plant and animal species could survive through several glacial cycles (Frenzel et al. 2003),
thereby allowing the divergence and accumulation of
molecular variants. In these repeated periods of isolation and range expansion, drift could have played a
major role in creating the geographic structure of the
mt variation in P. densata. In these manners, the varied
topography of the SE Tibetan Plateau may have
reduced not only the impact of climatic oscillation, but

also gene flow among geographic regions, and thus
could have favoured long-term population persistence
and reinforced population differentiation and independent evolution.
Among the well-documented examples of homoploid
hybrid plant species, which mostly have rather
restricted distributions (Gross & Rieseberg 2005),
P. densata is remarkable for its successful colonization
of vast areas with heterogeneous terrain on the Tibetan
Plateau. Across its distribution, the direction and intensity of introgression with the two parental species vary
among geographic regions. The northeastern part of the
P. densata range represents the ancestral hybrid zone,
the central part seems to represent colonization through
recurrent migratory events and the most western part
represents a sequential further westward expansion
from the central region. All these features appear to
have had marked effects on the genetic composition
and spatial genetic structure of the species. Strong differentiation is expected in hybrids of multiple origins,
but no others have shown such unique and complex
geographic patterns as P. densata. While the mitochondrial genome appears to be most convenient for analysing the speciation, colonization history and
distribution of genetic variation in this unique hybrid
species, and for identifying the factors and processes
involved, joint analyses of cpDNA and mtDNA can
resolve details of the speciation process and patterns of
introgression. It is important to sample material over
wide geographic scales, as in the study presented here.
The mapped cpDNA and mtDNA distribution over the
species complex provide reference for further genetic
and taxonomic discussions.
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