
Research Article

Phylogeography of the widespread plant Ailanthus altissima
(Simaroubaceae) in China indicated by three chloroplast
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Abstract Ailanthus altissima (Mill.) Swingle, a temperate tree species, has a wide distribution in China. To infer its
refugia and patterns of migration during past climatic changes in China, genetic variations among different
populations were studied. Gene sequences of three chloroplast DNA spacer regions, psbA‐trnH, trnL‐trnF, and trnD‐
trnT, were obtained from 440 individuals of 44 populations. The distribution of haplotype and the relationships among
them were investigated by haplotype network. In addition, the genetic diversity of the sampled regions was inferred,
and the biogeographic history was also reconstructed. Twelve haplotypes were identified, among which, five were
unique. The phylogenetic analysis and geographical distribution of haplotypes indicate that multiple glacial refugia
existed in mainland China during the Quaternary oscillations. Due to the combined effects of contiguous range
expansion and allopatric fragmentation, significant genetic structure was not found in this study. Based on
biogeographic and demographic analysis, three main dispersal routes were identified for the major haplotypes,
whereas others were more likely localized demographic expansion.
Key words Ailanthus altissima, cpDNA, glacial refugia, migration, phylogeography.

Phylogeography, which aims to understand the
historical colonization process within and among
species in the light of contemporary geographical
distributions and gene genealogy, has been regarded as
one major focus of evolutionary biology in recent years
(Avise, 2000). Over the past decade, numerous studies
have been carried out to trace the spatial and
genealogical distribution of genetic variation at
intraspecific level or among closely related species
(e.g., Avise, 2000, 2008; Hickerson et al., 2010; Qiu
et al., 2011). They have found that climate oscillations
have a vital influence on species’ current distribution.
For example, tree lines shifted southwards and to lower
elevations during periods of cold climate, and retreated
during warmer intervals (Birks, 2008; Marr et al.,
2013). Although East Asia, especially mainland China,
was not covered by ice sheets during the last glacial
period, climate oscillations during the late Quaternary
strongly affected the vegetation (Marr et al., 2013).

Regional expansions and intraspecific divergences
were common for many species during the Quaternary
oscillations (Qiu et al., 2011; Liu et al., 2012). In
mainland China, different regions with the large
latitudinal span (22°N–42°N) and the complex terrain
patterns were impacted at different levels by the cold
ice age. The predominant biotic response of temperate
plant species to Quaternary environmental change
includes range fragmentation, vicariance, and popula-
tion isolation (Comes et al., 2008; Yesson et al., 2009).
Recent studies on the phylogeography of some plant
species, such as Myricaria Desv. (Liu et al., 2009),
Cyananthus delavayi Franch. (Li et al., 2012), Lago-
chilus Bunge ex Benth. (Meng & Zhang, 2013), and
Bupleurum longiradiatum Turcz. (Zhao et al., 2013),
suggested that the footprints of historical events such as
contraction and expansion of the distribution were
caused by climate oscillations during the Quaternary
Era (Shimono et al., 2013).

The phylogeography of a diverse array of
temperate plant species in mainland China and its
adjacent areas has been investigated, for example,
Ligularia vellerea Hand.‐Mazz. in the Hengduan
Mountains (Yang et al., 2012), Clematis sibirica
Mill. in the Tianshan and Altai Mountains (Zhang &
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Zhang, 2012), Sophora davidii Kom. ex Pavol. in
southwest China (Fan et al., 2013). The studies showed
that multiple glacial refugia seem to be a general rule for
most species, and the major glacial refugia in China
were found to be located at a few large mountains (Qiu
et al., 2011; Liu et al., 2012). Landscape features in
mainland China also played an important role in
shaping the genetic structure of plant species, for
example, many species have strong phylogeographic
breaks even over relatively short geographic distances
when associated with complex topography of the region
(Gao et al., 2007; Zhang et al., 2011).

Ailanthus altissima (Mill.) Swingle is an important
broad‐leaved tree in East Asia and distributes widely in
the Northern Hemisphere at a minimum age of the early
Eocene according to fossil records (Corbett &
Manchester, 2004). Its wide distribution in China
extends from the northern edge of Liaoning Province to
the southern end of Guangxi Province. Ailanthus
altissima is a pioneer species, which can endure a
high level of natural and human disturbance. For
example, it can survive in extreme environments, such
as temperatures as low as –33 °C, and can grow in
various habitats from rocky mountains, sterile soils, to
fertile earth (Kowarik & Säumel, 2007). It propagates
by producing wind‐dispersed seeds and by vegetative
reproduction via sprouts (Kowarik & Säumel, 2007).
Ailanthus altissima can produce as many as 300 000
seeds in one season (Aldrich et al., 2010), so they are
capable of colonizing open spaces quickly, such as
roadsides, fallow fields, and abandoned land. Owing to
its pioneer characteristics,A. altissima is widely planted
in arid and semiarid regions in North China. Moreover,
this plant has become an invasive species in Europe and
North American due to its fast growth and tolerance
(Burch & Zedaker, 2003). Therefore, the knowledge of
genetic variation of A. altissima in native populations is
necessary for future use and management of this
species. Although the genetic structure ofA. altissima in
the eastern USA (Aldrich et al., 2010) and the genetic
diversity in Japan (Kurokochi et al., 2013) have been
investigated, little is known about the phylogeographic
patterns and population genetics of this species in
China.

In this study, we used chloroplast DNA (cpDNA)
to investigate the genetic variation of A. altissima, in
which the geographical variation of cpDNA is expected
to reflect patterns of historical seed flow and coloniza-
tion. Our sampling covered most of the range of this
species in China. Due to the wide distribution, we
investigated populations from various climate condi-
tions, from cool‐temperate deciduous forest in North
China, to warm‐temperate evergreen forest in subtropi-

cal areas. We mainly focused on the genetic structure
and evolutionary history of the pioneer species in
China. Three major issues will be addressed: (i) the
genetic diversity of this species and the spatial pattern of
cpDNA haplotypes in China; (ii) the locations of main
glacial refugia in China during glaciation; and (iii) the
migration history of A. altissima contributing to its
current distribution.

1 Material and methods

1.1 Sampling and DNA extraction
We sampled plant material of Ailanthus altissima

from 44 populations in 14 provinces, covering most of
its distribution areas in China (Table 1; Fig. 1). In
consideration of human propagation, we selected older
trees growing in montane forests whenever possible. In
each population, samples of 20 individuals were
collected at an interval of 50m or more to avoid
collecting genetically identical individuals. Leaves
were dried with silica gel for DNA extraction. In this
study, we randomly chose 10 samples from one
population for analysis. Total genomic DNA was
extracted using the modified CTAB buffer method
(Doyle & Doyle, 1987). The isolated DNAs were
dissolved in TE buffer and stored at�20 °C before use.

1.2 Sequencing of non‐coding regions of cpDNA
Gene sequences of three non‐coding plastid

regions (psbA‐trnH, trnL‐trnF, and trnD‐trnT) were
obtained in this study. The amplification and sequenc-
ing primers of the three regions were as follows: psbA‐
trnH, 50‐GTTATGCATGAACGTAATGCTC‐30 and
50‐CGCGCATGGTGGATTCACAATC‐30 (Sang et al.,
1997); trnL‐trnF, 50‐GGTTCAAGTCCCTCTATCCC‐
30 and 50‐CGCGCATGGTGGATTCACAATC‐30 (Tab-
erlet et al., 1991); and trnD‐trnT, 50‐ACCAATTGAAC-
TACAATCCC‐30 and 50‐CTACCACTGAGTTAAA-
AGGG‐30 (Demesure et al., 1995). Polymerase chain
reactions (PCR) were carried out in a total volume of
50mL consisting of 35mL de‐ionized water, 0.25mmol/L
each dNTP, 5mL of 10� Taq buffer (10mmol/L Tris–
HCl (pH 8.3), 1.5mmol/L MgCl2, and 50mmol/L KCl),
1mmol/L each primer, 2U Taq polymerase (TransGen
Biotech, Beijing, China), and 60ng DNA template. The
program was set as an initial denaturation of 5min at
94 °C, followed by 35 cycles of 1min at 94 °C, 1min
annealing at 53 °C, and 80 s extension at 72 °C, with a
final extension of 7min at 72 °C. All PCR products were
purified from agarose gel with the Tian quick Midi
Purification Kit (Tiangen Biotech, Beijing, China)
following the manufacturer’s instructions. The purified
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PCR products were sequenced using the ABI Prism
BigDye terminator cycle sequencing ready reaction kit in
an ABI 3730 automated sequencer (both Applied
Biosystems, Foster City, CA, USA).

1.3 Data analysis
The sequences of the three cpDNA non‐coding

regions were aligned using CLUSTALX 2.0 (Larkin
et al., 2007) then adjusted manually with BioEdit
version 7.0.0 (Hall, 1999). They were then concatenat-
ed into one matrix. The cpDNA haplotypes were
determined by nucleotide substitutions and indels of the
aligned sequences with DnaSP 4.0 (Rozas et al., 2003).
Haplotype diversity (h), nucleotide diversity per
population (p) (Nei & Tajima, 1983), Tajima’s D

(Tajima, 1989), Fu and Li’sD� (Fu & Li, 1993), and the
mismatch distribution (Rogers & Harpending, 1992)
with constant population size as model for expected
values were also estimated by DnaSP 4.0. To detect
genetic variation between populations and molecular
variation of haplotype distribution (FST) (Weir &
Cockerham, 1984), the molecular variation analysis
was carried out by analysis of molecular variance
(Excoffier et al., 1992) implemented in Arlequin 3.0
(Excoffier et al., 2005). The correlation of the genetic
distance and geographical distance between popula-
tions was evaluated by isolation by distance (IBD3.22;
Bohonak, 2002), in which the geographical distances
between populations were calculated with the aid of
PASSaGE version 2.0 (Rosenberg & Anderson, 2011).

Table 1 Location of Ailanthus altissima sampled in this study

Populations Localities (all in China) Coordinates (N, E) Regions Haplotype

1. LH Lanhansuo, Gansu 103°510, 36°030 A 1
2. LY Yantan park, Gansu 103°510, 36°310 A 1
3. TJ Jiugongshan, Hubei 114°510, 29°240 B 2
4. YT Yichangtucheng, Hubei 111°060, 30°390 C 3
5. DY Dangyang, Hubei 111°470, 30°490 C 3
6. ZJ Zhijiang, Hubei 111°350, 30°310 C 2
7. HZS Hanzhong, Shaanxi 107°000, 33°040 A 1
8. DLL Dalaoling, Hubei 110°550, 31°030 C 4
9. CY Changyang, Hubei 110°52, 30°390 C 5
10. MLZ Mulinzi, Hubei 110°120, 30°020 C 5
11. QD Qingdao, Shandong 120°310, 36°100 A 6
12. TS Tai0an, Shandong 117°070, 36°150 A 7
13. CX Cixian, Hebei 114°210, 36°210 A 1
14. HD Handan, Hebei 114°280, 36°360 A 1
15. LX Lanxian, Shanxi 111°400, 38°160 A 1
16. SD Suide, Shaanxi 110°150, 37°290 A 3
17. JB Jingbian, Shaanxi 108°390, 37°160 A 1
18. YC Yuncheng, Shanxi 111°010, 34°580 A 1
19. JX Jiexiu, Shanxi 111°570, 36°530 A 1
20. PY Pingyao, Shanxi 112°600, 37°120 A 1
21. PX Wugongshan, Jiangxi 114°080, 27°280 B 2
22. NP Nanping, Fujian 118°100, 26°380 B 7
23. WYS Wuyishan, Fujian 117°400, 27°440 B 2
24. SC Shucheng, Anhui 117°110, 31°310 B 7
25. CZ Chuzhou, Anhui 118°170, 32°180 B 7
26. NJ Zijinshan, Jiangsu 118°500, 32°030 B 8
27. XXS Xixiashan, Jiangsu 118°570, 32°090 B 7
28. ZZY Suzhou, Jiangsu 120°370, 31°190 B 8
29. SFS Shangfangshan, Jiangsu 120°350, 31°150 B 9
30. LA Linan, Zhejiang 119°130, 30°120 B 8
31. HZ Hangzhou, Zhejiang 120°060, 30°140 B 8
32. ZS Zhoushan, Zhejiang 122°230, 29°520 B 10
33. JD Jande, Zhejiang 119°070, 29°260 B 11
34. JDZ Jingdezhen, Jiangxi 117°170, 29°190 B 8
35. XS Xiangshan, Beijing 116°180, 39°580 A 7
36. TBY Nanyang, Henan 113°170, 32°240 A 3
37. LS Lushi, Henan 111°030, 34°030 A 1
38. XX Xixia, Henan 111°450, 33°380 A 1
39. LB Lingbao, Henan 110°400, 34°310 A 1
40. DZP Longtanjiang, Guangxi 110°510, 25°080 C 12
41. GZ Gaozhai, Guangxi 110°270, 25°470 C 12
42. HP Huaping, Guangxi 109°550, 25°370 C 12
43. MEK Maerkang, Sichuan 102°130, 31°540 D 1
44. XC Xiangchen, Sichuan 99°520, 29°010 D 1

Four regions were defined based on the regionalization of Chinese flora (Wu, 1979): A, North China Region; B, East China Region; C, Central China
Region; and D, Hengduan Mountains Region.
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Phylogenetic relationships were inferred using
maximum parsimony (MP), maximum likelihood (ML),
and Bayesian analyses. BothMP andMLwere carried out
by PAUP� version 4.0 (Swofford, 2003). The MP analyses
involved a heuristic search strategywith 1000 replicates of
random addition of sequences, in combination with tree
bisection–reconnection branch‐swapping on all the
resulting trees with the MulTrees options in effect. All
characters were set to “unordered” and had equal weight.
Gapswere treated asmultistate characters. Branch support
was assessed by bootstrap analysis with 1000 replicates.
ForMLandBayesian analyses, F81was determined as the
best‐fitting model with Modeltest 3.7 (Posada, 2005) and
MrModeltest (Nylander, 2004). The ML analysis was
based on heuristic searches with the tree bisection–
reconnection branch‐swapping algorithm. The robustness
of the trees was assessed by bootstrapping 1000 random
replicates. Bayesian analysis was carried out using
MrBayes (Huelsenbeck & Ronquist, 2001). Every
100th tree was sampled over six Mio generations with
the first 25% of trees were treated as burn‐in.

Based on the matrix of pairwise differences
between cpDNA haplotypes, a statistical parsimony
haplotype network was obtained with the aid of TCS
1.06 (Clement et al., 2000) by using the 95% connection
probability limit and treating gaps as single evolution-
ary events. Relationships among chloroplast haplotypes
were also investigated. In addition, we carried out a

nested analysis using AeNCA (Panchal, 2007), to get
the nested cladogram of genetic clades.

To reconstruct the biogeographic history of A.
altissima in China, dispersal–vicariance analysis was
carried out byDIVA version 1.1 (Ronquist, 1996). Each
haplotype was set to one or more areas based on its
current distribution and each taxon was scored as
presence (1) or absence (0). Distribution of A. altissima
in China was partitioned into four areas according to
Wu (1979): A, North China Region; B, East China
Region; C, Central China Region; and D, Hengduan
Mountains Region (Fig. 1). Analyses were imple-
mented in the ML tree using the cpDNA haplotype
sequences. Due to the strict bifurcation tree requirement
in DIVA analysis, we treated the ML tree as a
topological structure completely solved (the unsolved
end branches were combined). The maximum number
of areas at each node in DIVA was set to two.

2 Results

The size of aligned psbA‐trnH, trnL‐trnF, and
trnD‐trnT regions are 491, 581, and 511 bp, respective-
ly. The total length of the concatenated alignments is
1583 bp. Nine nucleotide substitutions and 21 indels
were identified. Based on the variations, 12 haplotypes
were identified (Fig. 1; Table 1). The sequences of these

Fig. 1. Geographical distribution map for Ailanthus altissima haplotypes (H1–H12) based on cpDNA sequence variation from 44 natural populations
sampled in China. Distributions of A. altissima in China were partitioned into four regions according toWu (1979): A, North China Region; B, East China
Region; C, Central China Region; D, HengduanMountains Region. The distribution map was modified from data available from free spatial data available
from DIVA‐GIS (http://www.diva‐gis.org/gdata). Population codes correspond to those in Table 1.
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haplotypes were deposited into GenBank (Accession
Nos. KC816424–KC816459).

At the species level, the haplotype diversity and
nucleotide diversity are moderate, with the hT and pT

being 0.729 and 0.00140, respectively, a little lower
than those of other temperate plants, such asOstryopsis
davidiana Decne. (Tian et al., 2009), Dysosma
versipellis (Hance) M. Cheng ex T. S. Ying (Qiu
et al., 2009a), and Eurycorymbus cavaleriei (H. Lév.)
Rehder & Hand.‐Mazz. (Wang et al., 2009), but much
higher than that of Picea crassifolia Komarov (Meng
et al., 2007). Nevertheless, no cpDNA polymorphism
was detected among individuals from the same
population. Tajima’s D and Fu and Li’s tests indicated
non‐significant deviation from neutrality for all
populations. Furthermore, the polymodal distribution
curvewas uncovered bymismatch distribution analysis.
Therefore, no evidence was detected for recent
demographic expansions of Ailanthus altissima.

In total, 12 haplotypes were identified for 44
populations (Fig. 1), 7 of which are common. The most
widespread haplotypes were H1 (15 populations), H7 (6
populations), and H8 (5 populations). In addition, H2,
H3, H5, and H12 occurred in more than one population
(Fig. 1; Table 1). Haplotypes H1, H2, H3, and H7 were
found distributed in two regions (Fig. 1). In contrast,
H4, H6, H9, H10, and H11 were found in only one
population, and thus were considered as unique
haplotypes. Therefore, unique haplotypes accounted
for 41.7% of all haplotypes, almost comparable to the
number of common haplotypes. Hierarchical analysis
of molecular variance indicated a high degree of
differentiation among populations (FST¼ 1), and a
lower level of differentiation (28.78%) among regions.
If compared within regions, there was a great amount of
variation (71.22%) among populations, and nonewithin
populations (Table 2). The Mantel test suggested that
genetic distance was uncorrelated with geographic
distance (r¼ 0.1689, P¼ 0.9880), thus no significant
genetic structure was detected.

Phylogenetic analyses resulted in one identical
topology using MP, ML, and Bayesian inference, and
three clades were identified (Fig. 2). The bootstrap
value ranged from 57% to 88%, and posterior
probability values were also relatively high. Three

haplotypes (H8, H10, andH11) fromEast China formed
a strongly supported clade; H2 and H7 formed another
subclade (Fig. 2). The unrooted TCS network of
cpDNA haplotypes (Fig. 3) was consistent with the
topology revealed by phylogenetic analyses. In the TCS
network of 12 haplotypes, H1, H2, H5, H6, and H8
were the interior haplotypes, which were regarded as

Table 2 Results of analysis of molecular variance of Ailanthus altissima populations, partitioned by regions

Source of variation d.f. Sum of squares Variance components Percentage of variation

Among groups 3 29.691 0.13369 28.78
Among populations within groups 40 74.400 0.33083 71.22
Within populations 220 0.000 0.00000 0.00
Total 263 109.091 0.46452

FST¼ 1.0000.

Fig. 2. Chronogram indicating the evolutionary relationships among
chloroplast haplotypes found in Ailanthus altissima from mainland
China. Numbers above the branches indicate bootstrap and posterior
probability values for maximum, parsimony maximum likelihood, and
Bayesian inference analyses, respectively.
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ancestral to tip haplotypes. The minimum‐spanning
network analysis indicated 17 one‐step clades, 8 two‐
step clades, and 3 three‐step clades in the haplotype
network (Fig. 4). Three groups were formed in this
network with their distribution ranges overlapped
geographically. For the nested clade analysis (NCA),

four clades (2‐1, 3‐1, 3‐3, the total) were identified as
having significant phylogeographical structure, making
the inference of historical and ongoing processes
possible (Table 3). The NCA suggested that contiguous
range expansion contributed to the current haplotype
distribution of different clades, that is, (i) clade 2‐1 (H2,
H7), most of the populations were from East China,
except for ZJ from the Dabashan mountains (Mts.); (ii)
clade 3‐1 (H1, H2, H3, H6, H7, H9), populations spread
across the mainland China; and (iii) the total clade, all
the populations sampled in this study. The NCA also
indicated that allopatric fragmentation was responsible
for the population differentiation in clade 3‐3 (H4, H5,
H12), in which populations of H4 and H5were from the
Dabashan Mts., and the H12 population was from the
Nanling Mts. In summary, our results suggested that
discontinuous range expansion was responsible for the
present distribution at all populations, and that
allopatric fragmentation resulted in the division of
local populations.

The reconstruction of the ancestral geographical
distribution areas of genetic lineages based on the
dispersal–vicariance analyses is shown in Fig. 5. The

Fig. 3. Haplotype network of chloroplast DNA haplotypes H1–H12
found in Ailanthus altissima from mainland China, constructed by TCS
1.06. Circle size and circle sector size are proportional to the number of
individuals possessing each haplotype. Each line represents single base
mutations, open circle represents an inferred intermediate haplotype. A,
North China Region; B, East China Region; C, Central China Region; D,
Hengduan Mountains Region.

Fig. 4. Nested cladogram of 12 haplotypes based on chloroplast DNA sequences of Ailanthus altissima found in mainland China. Cycles with numbers
(H1–H12) represent haplotypes. Bold circles represent putative haplotypes. Each branch represents one mutation.

Table 3 Inference chain of population structure and history

Clade Chain of inference Inference result

Clade 2‐1 1‐19‐20‐2‐11‐12 NO Contiguous range expansion
Clade 3‐1 1‐19‐20‐2‐11‐12 NO Contiguous range expansion
Clade 3‐3 1‐19 NO Allopatric fragmentation
Total cladogram 1‐2‐11‐12 NO Contiguous range expansion
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results suggested that the common ancestor was
probably distributed in North China (A), East China
(B), and the Hengduan Mts. (D). East China was
probably the cradle of origin and diversity for
A. altissima, as the majority of haplotypes, especially
the unique haplotypes, were found there.

3 Discussion

3.1 Genetic diversity and population structure
Ailanthus altissima is widely distributed in China.

In contrast to the broad geographical range, relatively
low levels of nucleotide diversity (hT¼ 0.729, pT

¼ 0.0014) were detected, which is comparable to some
gymnosperms in mainland China, such as Picea
crassifolia (Meng et al., 2007), and Pinus L. (Tian
et al., 2008). Kurokochi et al. (2013) also detected low
chloroplast diversity in populations of A. altissima in

Japan. However, the genetic variationwithin populations
was extremely low, indicated by the significant popula-
tion subdivision (FST¼ 1.0). The results suggested little
ongoing seed flow and high susceptibility to random
genetic drift in isolated populations (Li et al., 2008). The
phylogeographic structure of cpDNA variation in A.
altissima was similar to a temperate plant, Ostryopsis
davidiana, distributed in northern China, that is, only a
single haplotype of O. davidiana was fixed in almost all
populations in northern China (Tian et al., 2009). They
deduced that O. davidiana might have experienced
extensive bottleneck or founder effects during glacial
population contraction and following postglacial ex-
pansions. However, our findings here suggested that
allopatric fragmentation and discontinuous range expan-
sion might have promoted intraspecific divergence and
differentiation in A. altissima.

Due to the widespread and overlapping distribu-
tion of some common haplotypes (Fig. 3), genetic

Fig. 5. Distribution of extant haplotypes, location of putative refugia (dashed circles), and putative expansion routes (arrows) of Ailanthus altissima in
mainland China, and the result of A. altissima dispersal–vicariance analyses. Letters below nodes note DIVA reconstructions as follows: A, North China
Region; B, East China Region; C, Central China Region; D, Hengduan Mountains Region. Those letters refer to DIVA reconstructions under the
“maximum of two ancestral areas” constraint, and letter combinations divided by a “/” reflect alternative DIVA reconstructions. The distribution map was
modified from data available from free spatial data program DIVA‐GIS (http://www.diva‐gis.org/gdata).
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structure was weak in A. altissima. We think that
frequent localization of genetic variation in A. altissima
was caused by genetic drift and presumably a long
history of dispersal over great distances in mainland
China. Many other temperate plant species in mainland
China have their common haplotypes with little
overlap, such as Pedicularis longiflora Rudolph
(Yang et al., 2008), Dysosma versipellis (Qiu et al.,
2009a), Kirengeshoma Yatabe (Qiu et al., 2009b), and
Platycarya strobilacea Sieb. & Zucc. (Chen et al.,
2012). Thus, the geographical patterns found in these
species revealed locations of glacial refugia and post‐
Ice Age migration routes. Even though the genetic
structure was not significant in A. altissima, the
geographical structure of haplotypes was obvious
(Table 3). The extant distributions of A. altissima
overlapped with the accepted refugia of species
mentioned above. Thus, we were able to trace the
glacial refugia and migration patterns of A. altissima,
according to its present geographical structure of
haplotypes and the location of well‐accepted refugia.

3.2 Multiple refugia of A. altissima
Posada & Crandall (2001) proposed that older

alleles could occupy interior nodes of a haplotype
network based on coalescent theory. Among the 12
haplotypes, H1, H2, H5, H6, and H8 are the interior
haplotypes that could be considered as ancestral
(Fig. 4). These common haplotypes show a clear‐cut
geographical distribution, all being confined to four
defined geographical regions, whereas the unique
haplotypes are distributed in almost all regions.
Moreover, the result of NCA indicated several
diverging clades of related haplotypes that correspond
fairly well with geography. The above results suggested
that A. altissima occupied multiple refugia during the
last glacial epoch. Due to the extremely low genetic
diversity within populations, the precise locations of
refugia are difficult to ascertain. Therefore, we used the
montane area rather than a specific location of a
population as the putative glacial refuge.

It is generally considered that the number of
haplotypes decreases with increased distance from
refugial sources, unless the area is a contact zone with
immigration of different haplotypes from different
refugia (Hewitt, 2000; Provan & Bennett, 2008).
Species were more likely to have persisted in several
glacial refugia, when its extant distributions including
multiple refugia are relatively easily dispersed (Shafer
et al., 2010; Marr et al., 2013). The genetic evidence of
A. altissima supports this view. In central and eastern
China, many mountains are considered glacial refugia,
such as the Dabashan, Tianmushan, Nanling, Heng-

duan, andWuyi mountains (Qiu et al., 2011).Marr et al.
(2013) suggested that the number of haplotypes in
refugium is higher than that in adjacent areas. In this
study, the result verified that viewpoint, because the
number of common and unique haplotypes in Central
and East China, especially in the mountainous areas
accepted as refugium, is much higher.

We propose that there may exist multiple refugia in
the distribution of A. altissima, such as the Tianmushan,
Dabashan, Hengduan, Wuyi, and Nanling mountains.
The Tianmushan Mts. comprise one major refugium for
A. altissima, as this region harbors the ancestral
haplotype H8 and the unique haplotype H11, according
toNCA. The TianmushanMts. has high species richness
and harbors tertiary species as well as endemic species,
and it was supposed to be a glacial refugium of many
species such as Ginkgo biloba L. (Gong et al., 2008).
The Dabashan Mts. was considered to be the second
glacial refugium, because one‐third of the identified
haplotypes, including two ancestral haplotypes (H2,
H5), one common haplotype (H3), and one unique
haplotype (H4), were detected here. Moreover, the
genetic diversity ofA. altissima in this montane area was
higher than that in other regions. The Dabashan Mts. is
characterized by its diversity of habitats, high species
richness, as well as numbers of endemic species; it was
also proposed to be the refugium for Eurycorymbus
cavaleriei (Wang et al., 2009). Haplotype H12 is closely
related to H5 from the Dabashan Mts., but is confined to
the Nanling Mts., which is warm and humid, and was
affected very little by the Quaternary glaciation.
Therefore, the Nanling Mts. could be considered as
one possible glacial refugium of A. altissima. Likewise,
E. cavaleriei was proposed to survive here during
glaciation (Wang et al., 2009). Harboring abundant
endemic and relict species, the Hengduan Mts. was
accepted as the refugium of numerous plants such as
Taxus wallichiana Zucc. (Gao et al., 2007), Primula
secundiflora Franch. (Wang et al., 2008), and Tsuga
dumosaEichl. (Cun&Wang, 2010).We suggest that the
Hengduan Mts. might be another refugium of A.
altissima, because of the existence of an ancestral
haplotype H1 in this region. In addition, the distribution
of common haplotype H7 ranged from Fujian province
(NP) to Beijing (XS) (Fig. 1). Because the population
NP was from the Wuyi Mts., which was previously
recognized as a refugium (Qiu et al., 2011), the Wuyi
Mts. could be a possible refugium of A. altissima.

3.3 Migration routes of A. altissima
Twelve cpDNA haplotypes were identified in total

for A. altissima in mainland China; four of them (H1, H2,
H3, and H7) distribute broadly and are not endemic to
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particular regions or mountains. As inferred by the NCA
(Fig. 4; Table 3), contiguous range expansion was the
major historical process responsible for the present
observed geographical structure of cpDNA haplotypes in
A. altissima. However, the neutrality tests rejected the
recent range expansion as an important process influenc-
ing extant cpDNA haplotype structure of A. altissima. As
A. altissima is an important species composing warm‐

temperate deciduous forests, the above conflicting results
could be considered that A. altissima experienced
continuous expansion over a long evolutionary history
rather than sudden postglacial expansion.

Although subtropical mainland China was not
covered by ice sheets during the last glacial period
(Ono, 1984), climate oscillations throughout the
Quaternary glacial had a dramatic impact on species’
ranges in these regions (Millien‐Parra & Jaeger, 1999;
Harrison et al., 2001). Combining the results of DIVA
analysis (Fig. 5) with the haplotype network of cpDNA
haplotypes (Fig. 3), and the extant distribution of
haplotypes (Fig. 1), we propose that North China, East
China, and the Hengduan Mts. region were centers of
original distribution for A. altissima. Some haplotypes
(H1, H3, andH7) distribute widely (Fig. 5), and not only
occurred in possible refugia (Hengduan Mts., Dabashan
Mts., andWuyiMts.), but also dispersed toNorth China.
Thus, three main demography expansion routes (Fig. 5)
were proposed by reconstructing the past vegetation
based on the three common haplotypes (H7, H3, and
H1), respectively: (i) the eastern route, from the Wuyi
Mts. to the Xiangshan Mts.; (ii) the middle route, from
the Dabashan Mts. to the Taihang Mts.; and (iii) the
western route, from theHengduanMts. to the vast North
China region. Another common haplotype, H2, which
probably originated in East China based on the DIVA
analysis (Fig. 5), is continuously distributed between the
Dabashan and Wuyi mountains. One explanation for its
distribution pattern is that H2 originated in a southern
refugium (Wuyi Mts.) and dispersed to a northern
refugium (Dabashan Mts.), and the Quaternary glacial
had no dramatic impact on its ranges, so there was no
large number of colonizations from the refugium. The
vast continental hilly areas in Central and East China
harbor complex terrains and diversified habitats, which
might lead to the localization of A. altissima in different
mountains and regions. Thus, allopatric fragmentation
was probably responsible for the frequent occurrence of
unique haplotypes of A. altissima.

3.4 Conclusion and perspective
Ailanthus altissima is well‐known as an invasive

species and is distributed all over the world. Moderate
genetic diversity with little genetic structure was

identified in its native range in China. Common and
unique haplotypes were widely distributed in mainland
China. The extant distribution of A. altissima and the
haplotype relationships suggested that there were multi-
ple refugia during the Quaternary glacial. Both biogeo-
graphic and demographic analyses indicated that three
dispersal routes existed over the evolutionary history for
some common haplotypes of A. altissima, whereas the
others were characterized by localized demographic
expansion. However, the phylogeographic history of
Chinese A. altissima is not resolved completely because
natural populations collected in this research were limited
compared to its broad geographical range. Moreover, we
could not distinguish the sources of some populations
between human propagation and natural dispersal/
migration. Further study is needed with more sampling
and more molecular methods, such as nuclear DNA
analysis, to confirm the evolutionary history of each
haplotype, and provide background information for
genetic research of this species around the world.
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