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Abstract
The eastern Asia–North America disjunction is one of the most interesting biogeographical patterns, but its formation is still in much
debate. Here nucleotide sequences of ﬁve cpDNA regions, nrDNA ITS and two low-copy nuclear genes (LEAFY, 4CL) were employed
to reconstruct the phylogeny and to explore the historical biogeography of Thuja, a typical eastern Asia–North America disjunct genus.
High topological discordance was observed between chloroplast and nuclear gene trees, even between diﬀerent nuclear gene trees, suggesting that Thuja could have a reticulate evolutionary history due to multiple interspeciﬁc hybridization events. The eastern Asian species Thuja koraiensis might have obtained its chloroplast genome from the eastern North American species T. occidentalis by chloroplast
capture, while the western North American species T. plicata is very likely to have inherited a recombinant cpDNA. Based on the phylogenetic analysis of multiple genes, DIVA-reconstruction of the distribution history, molecular clock estimation and fossil data, we
inferred that Thuja could have originated from the high-latitude areas of North America in the Paleocene or earlier with subsequent
expansion into eastern Asia through the Bering Land Bridge. The two eastern Asia species T. standishii and T. sutchuenensis have a sister
relationship, and their split could have occurred in the Oligocene or early Miocene. In the present study, the selection of molecular markers in biogeographic studies was also discussed. Since most previous studies on the eastern Asia and North America disjunction are based
on uniparentally inherited cpDNA and (or) directly sequenced nrDNA ITS data, the historical reticulate evolution in the studied groups
might have been underestimated. Therefore, we suggest that multiple genes from diﬀerent genomes, especially low-copy nuclear genes, be
used in this research area in the future.
Ó 2008 Elsevier Inc. All rights reserved.
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1. Introduction
The geological changes and climatic cooling in the
Cenozoic, especially in the late Tertiary and Quaternary,
interrupted the continuity of the boreotropical ﬂora or
mixed mesophytic forests in the Northern Hemisphere
and brought about the plant biogeographic patterns of
intercontinental disjunction. The disjunction between east*
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ern Asia and eastern North America (EA–ENA) is the
most attractive one and has magnetized several generations
of botanists in the past nearly 150 years (Gray, 1859; Boufford and Spongberg, 1983; Wen, 1999; Manos and Donoghue, 2001). Both eastern Asia and eastern North America
sheltered their residents with complex geographical topologies when congeneric species became extinct in Europe and
other areas (Tiﬀney, 1985a,b; Wen, 1999; Tiﬀney and Manchester, 2001). Tiﬀney (1985a,b) attributed the EA–ENA
disjunct distribution to a layering of many events rather
than a single historical event. The two landmark papers
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also emphasized the important roles of the Bering Land
Bridge and the North Atlantic Land Bridge, two main land
bridges connecting Asia, North America and Europe in the
Tertiary, in shaping modern phytogeographic patterns of
the Northern Hemisphere, especially the EA–ENA
disjunction.
With the help of more and more molecular markers,
newly developed analysis methods (e.g., DIVA, Multidivitime, r8s) and fossil records, the evolution of some plant
groups with an EA–ENA disjunct distribution has been
investigated in much more detail, including interspeciﬁc
relationships, divergence times of diﬀerent lineages, and
biogeographical histories (e.g., Cunningham and Collins,
1994; Qiu et al., 1995; Wen and Zimmer, 1996; Gould
and Donoghue, 1998; Wen, 1999; Xiang et al., 1998,
2000; Wen and Shi, 1999; Xiang and Soltis, 2001; Wang
et al., 2003; Nie et al., 2006). However, most of the studies
were based on uniparentally inherited chloroplast markers
and (or) directly sequenced PCR products of nuclear ribosomal DNA internal transcribed spacers (ITS), which have
limitations in discovering reticulate evolution events such
as hybridization and introgression. As one mode of speciation in plant, hybrid speciation has occurred much more
frequently in nature than previously envisioned. For example, several compelling ancient hybridization events and
cryptic hybrid species have been revealed recently with
both plastid and nuclear gene markers (e.g., Cronn et al.,
2003; Oh and Potter, 2005; Fehrer et al., 2007). A robust
phylogeny reconstructed with multiple gene markers from
diﬀerent genomes is very necessary to the historical biogeographical study that infers the development of distribution
pattern of a group based on the gene tree topology. On the
other hand, previous studies show that the EA–ENA disjunction could have originated at diﬀerent times and by different pathways (Wen, 1999). In particular, a closer
biogeographic relationship between eastern North America
and western North America than between eastern Asia and
eastern North America was reported from some groups,
such as Aralia (Wen et al., 1998) and Cornus (Xiang
et al., 1998). Therefore, more attention should be paid to
the western North American species for the study of EA–
ENA disjunction.
Thuja L., a small genus of Cupressaceae comprising ﬁve
extant species, exhibits a disjunct distribution in eastern
Asia, eastern and western North America (Farjon, 2005).
The three eastern Asian species of the genus have quite
restricted distributions, including Thuja sutchuenensis in
Chengkou, Chongqing, China, T. koraiensis in the Changbai Mountain of northeastern China and the Korean Peninsula, and T. standishii native to Japan. T. sutchuenensis
was once listed as a species extinct in the wild by IUCNSSC and rediscovered in 1999 (Farjon and Page, 1999;
Xiang et al., 2002). The two North American species of
Thuja have much wider distributions. T. occidentalis occurs
in eastern North America, occupying a geographical range
between the subarctic taiga–tundra interface in the north
and the belt of deciduous angiosperm forests in the south.

1191

T. plicata is disjunctly distributed in the Paciﬁc Coastal
Mountains and the Rocky Mountains of western North
America.
Based on fossil evidence, present distribution and morphological characters, especially seed cone structure, McIver and Basinger (1989) proposed a phylogeny of Thuja
comprising both extant and fossil species. They inferred
that Thuja had occupied much of the Northern Hemisphere
in the early Tertiary and the subsequent dramatic climatic
and geographic changes were responsible for the current
disjunction of the genus. This phylogeny is topologically
quite diﬀerent from the molecular phylogeny of Thuja
reconstructed with the directly sequenced nrDNA ITS
region by Li and Xiang (2005), in which an eastern Asia
origin and two dispersals to North America were suggested
for the genus. The conﬂict between previous studies could
be attributed to the slight morphological diﬀerences among
species, the discontinuity and incompleteness of the fossil
record, and the use of a single molecular marker. In addition, it is better to clone the PCR products when nrDNA
ITS is used in the molecular systematic study of gymnosperms, in consideration that this DNA region might have
marked intragenomic length and sequence variations due
to the incomplete concerted evolution as reported from
Pinaceae (Liston et al., 1996; Maggini et al., 1998; Gernandt et al., 2001; Wei et al., 2003; Wei and Wang,
2004a; Campbell et al., 2005; Kan et al., 2007). It is obviously that more DNA markers, including both cytoplasmic
and nuclear genes, should be used to reconstruct a robust
phylogeny of Thuja and then to explore the historical biogeography of the genus.
Recently, several dozens of chloroplast DNA markers
suitable for the study of interspeciﬁc relationships of plants
have been screened out (Shaw et al., 2005, 2007). Meanwhile, the low-copy nuclear gene has the advantages of
biparental inheritance and rapid evolutionary rates, and
thus is increasingly used in systematic and biogeographic
studies (Sang, 2002; Small et al., 2004; Whittall et al.,
2006). For example, the LEAFY gene involved in the formation of the ﬂower meristem (Frohlich and Parker,
2000) has been used as a single copy gene in the phylogenetic reconstruction of some seed plants (e.g., Grob
et al., 2004; Oh and Potter, 2005; Won and Renner,
2005). Also, the 4CL gene, encoding 4-coumarate: coenzyme A ligase in the general phenylpropanoid metabolism
essential to plant development and environmental interactions (Cukovic et al., 2001; Hamberger and Hahlbrock,
2004), has been successfully used in molecular phylogenetic
studies of conifers (Wang et al., 2000; Wei and Wang,
2004b; Syring et al., 2005). In the present study, we
employed nucleotide sequences of ﬁve chloroplast non-coding regions (rpl16, AtpI–rpoC1, trnS–trnfM, trnS–trnG, and
trnT–trnF) and two low-copy nuclear genes (LEAFY and
4CL), together with the cloned nrDNA ITS sequences, to
reconstruct the phylogeny and to investigate the historical
biogeography of Thuja. Based on the results, we also discussed the utilities of multiple genes from diﬀerent genomes
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in the biogeographic study, in particular the study of eastern Asian–North American disjunction.
2. Materials and methods
2.1. Plant materials
All the ﬁve species of Thuja were sampled (Table 1). To
detect whether there are intraspeciﬁc polymorphisms that
occur in the cpDNA markers we used, ﬁve individuals of
T. koraiensis from diﬀerent populations were analyzed
and each of the other congeneric species was represented
by more than one individual as possible. Thujopsis dolabrata (Thunb. ex L. f.) Sieb. et Zucc. was selected as the outgroup for its sister relationship with Thuja (Brunsfeld et al.,
1994; Gadek et al., 2000; Kusumi et al., 2000, 2006; Quinn
et al., 2002). Voucher specimens were deposited in the herbarium of Institute of Botany, Chinese Academy of Sciences (PE) except Kew 73-10508 of T. plicata.
2.2. DNA extraction, gene ampliﬁcation, cloning, and
sequencing
Total DNA was extracted from fresh or silica gel-dried
leaves using the modiﬁed CTAB method following the protocol of Rogers and Bendich (1988) and used as the template in the polymerase chain reaction. The ﬁve
chloroplast DNA fragments, rpl16 intron, AtpI–rpoC1
intergenic spacer (IGS), trnS–trnfM IGS, trnS–trnG IGS,
and trnT–trnF region (including trnT–trnL IGS, trnL gene,
and trnL–trnF IGS), were ampliﬁed with primers used in
the previous studies (Demesure et al., 1995; Downie
et al., 1996; Small et al., 1998) except the trnT–trnF region
that needs the gymnosperm-speciﬁc primer pair (trnPTFF:
50 GTCCTCTGCTCTACCAACTGA30 ; trnPTFR: 50 GATC
GAACCGATGACCATCG30 ). The nrDNA ITS region
was ampliﬁed using primers ITS1N from Wei et al.
(2003) and ITS4 from White et al. (1990). For the ampliﬁcation of the nuclear genes LEAFY and 4CL, protein and
nucleotide sequence alignments were made across gymnosperms and angiosperms to design degenerate primers from
conserved regions. According to results of the initial ampliﬁcation and sequencing, Cupressaceae-speciﬁc primers
were designed for the subsequent ampliﬁcations, including
4CLE2Fa (50 GGATAYGGMATGACGGAAGC30 ) and
4CLRb (50 GAGCTCTTTCACTCTGTCGACGAT30 ) for

4CL, LFYE1F3 (50 TGCAGCTTTCTTCAAGTGGGA30 )
and LFYE3R4 (50 CCAGATTCGAAGCTTTTCATG30 )
for LEAFY.
PCR ampliﬁcation was carried out in a volume of 25 ll
containing 50–100 ng of DNA template, 6.25 pmol of each
primer, 0.2 mM of each dNTP, 2 mM MgCl2, and 0.75 U
of Taq DNA polymerase. Ampliﬁcation was conducted in
a Tgradient thermal cycler (Biometre, Göttingen, Germany) or an Eppendorf Mastercycler Gradient thermal
cycler (Eppendorf Scientiﬁc, Westbury, NY). PCR cycles
were as follows: one cycle of 4 min at 94 °C, four cycles
of 1 min at 94 °C, 30 s at 50–58 °C, and 1–2 min at 72 °C,
followed by 36 cycles of 30 s at 94 °C, 30 s at 50–58 °C,
and 1–2 min at 72 °C, with a ﬁnal extension step for
10 min at 72 °C. PCR products were separated on 1.5%
agarose gels. The band with the right size was cut out
and puriﬁed using GFX PCR DNA and Gel Band Puriﬁcation Kit (Amersham Biosciences). For the cpDNA fragments, puriﬁed PCR products were directly sequenced
with the PCR primers and several internal primers (rpoC-b:
50 TCTGAGTTCTAGCCAAGTCC30 ; rpoC-e: 50 CTGCTT
TAGCAGCTCGATGT30 ; rpoC-R: 50 GAATGGGTT
AGATTGCTTGC30 ). For the nuclear gene, the puriﬁed
PCR products were cloned with pGEMÒ-T Easy Vector
System II (Promega). More than 20 clones with correct
insertion (determined by digestion with EcoRI) were
picked for each gene of each species and screened with
one of the PCR primers. All distinct clones were sequenced
in both directions with the DYEnamic ET Terminator Kit
(Amersham Pharmacia Biotech), using primers T7 and SP6
and internal primers, including ITSP2N (50 GAGAGCC
GAGATATCCGTTG30 ), 4ClE2S (50 ATCGTCGACAGA
GTGAAAGAG30 ), 4CLE3R (50 GCTTCCAGCTCAGCA
GGCGCGAC30 ), LFYIS1 (50 CACATTCTTGGCCAGCT
CAG30 ), LFYE2F1 (50 CCTTTCATTGTTACTGAGCC30 )
and LFYE2R3 (50 AGCAGAAACTTGCCACACTG30 ).
After precipitation in 95% EtOH and 3 M NaAc (pH
5.2), the sequencing products were separated on a
MegaBACE 1000 automatic sequencer (Amersham Biosciences, Buckinghamshire, UK). The sequences obtained in
this study were deposited in GenBank under accession
numbers EU183450–EU183455 (AtpI–rpoC1), EU183456–
EU183461 (trnS–trnfM), EU183444–EU183449 (rpl16),
EU183462–EU183467 (trnS–trnG), EU183468–EU183473
(trnT–trnF), EU183411–EU183416 (LEAFY), EU183417–
EU183423 (4CL), and EU183424–EU183443 (ITS).

Table 1
Sources of materials
Taxa

Sources/individuals

Vouchers

Thuja koraiensis Nakai
T. sutchuenensis Franch.
T. occidentalis L.
T. plicata Donn ex D. Don

Changbai, Jilin, China/5
Chengkou, Sichuan, China/3
Botanic Garden, Institute of Botany, Beijing/3
Botanic Garden, Institute of Botany, Beijing/1
Royal Botanic Garden, Kew, UK/1
Forestry and Forest Products Research Institute, Tsukuba, Japan/1
Lushan, Jiangxi, China/1

X.-Q. Wang 2004-T011
Z.-Y. Li 2005-1
X.-Q. Wang 2004-192
X.-Q. Wang 2004-205
Kew 73-10508

T. standishii Carriere
Thujopsis dolabrata Siebold & Zucc.

X.-Q. Wang 2004-204
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2.3. Data analysis
Sequence alignments were made with CLUSTAL X
(Thompson et al., 1997) and reﬁned manually. The data
matrix is available from the corresponding author. To
assess congruence between diﬀerent cpDNA regions, we
analyzed the ﬁve fragments separately to see if they produced a similar topology and also used the MP-based
incongruence length diﬀerence test (ILD, Farris et al.,
1994) as implemented in PAUP* 4.0b10 (Swoﬀord, 2002)
in a pairwise fashion. The ILD test was also used to assess
congruence between chloroplast and nuclear genes, and
between diﬀerent nuclear gene datasets. For the nuclear
gene with more than one copy, a single clone was randomly
chosen to represent a species. The test was performed with
1000 replications of branch-and-bound search. Following
Cunningham (1997), we selected a P value of 0.01 as a signiﬁcance criterion for this test. Considering that the ILD
test may be prone to Type I errors by rejecting the null
hypothesis of data homogeneity (Yoder et al., 2001), we
further used the Shimodaira–Hasegawa (SH) test to evaluate the compatibility between the cpDNA data and the
nuclear DNA data (Shimodaira and Hasegawa, 1999).
The SH test was also performed with PAUP* 4.0b10, using
50,000 bootstrap replicates with the resampling estimated
log-likelihood (RELL) method. The maximum likelihood
(ML) tree generated from the cpDNA data was assessed
in terms of the combined nuclear DNA data, and the
ML tree from the combined nuclear DNA data was evaluated relative to the cpDNA data.
Phylogenetic relationships were inferred using maximum
parsimony (MP) and ML optimality criteria as implemented in PAUP* 4.0b10 and MrBayes 3.1.2 (Ronquist
and Huelsenbeck, 2003). MP analyses used branch-andbound or heuristic searches with 100 random addition
sequence replicates, a maximum of 1000 trees saved per
round, tree bisection–reconnection (TBR) branch swapping, and MULTREES on. All character states were treated as unordered and equally weighted, with gaps as
missing data. To evaluate relative robustness of the clades
found in the most-parsimonious trees, the bootstrap analysis (Felsenstein, 1985) was performed with 1000 replicates
using the same options as above except that a maximum
of 100 trees were saved per round.
The evolutionary models for ML and Bayesian analyses
were optimized by hierarchical likelihood ratio tests
(LRTs) using ModelTest 3.06 (Posada and Crandall,
1998). The F81 model (Felsenstein, 1981) with gamma-distributed rate variation (F81+G) was chosen for the combined cpDNA data, the Hasegawa–Kishino–Yano (HKY)
model (Hasegawa et al., 1985) for LEAFY and nrDNA
ITS datasets, and the HKY model with gamma-distributed
rates (HKY+G) for 4CL and the combined nuclear gene
data. Since model partitioning is important for large datasets in the Bayesian analysis (Brown and Lemmon, 2007), a
partitioned Bayesian analysis of the combined nuclear
DNA was also implemented by applying the previously
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determined models to each data partition. For the ML
analyses, optimal gene trees were found via branch-andbound or heuristic searches with 1000 replicates of random
sequence addition, TBR branch swapping, and MULTREES on, and clade robustness was estimated by bootstrap analysis of 1000 replicates using heuristic searches
with the same options. For the Bayesian inference (BI)
analyses, one cold and three incrementally heated Markov
chain Monte Carlo (MCMC) chains were run for 1,000,000
cycles. Trees were sampled every 100 generations. For each
dataset, MCMC runs were repeated twice to avoid spurious results. The ﬁrst 300 samples for each run were discarded as burn-in to ensure that the chains have become
stationary. Phylogenetic inferences were based on the trees
sampled after generation 30,000.
Rate constancy across lineages was examined for each
dataset using a likelihood ratio test (LRT) (Felsenstein,
1988), in which likelihood scores of the trees with and without an enforced molecular clock were compared. Signiﬁcance was evaluated by comparing two times the
diﬀerence in log likelihoods to a v2 distribution with
n  2 degrees of freedom (n is the number of taxa). Then,
the dataset that does not reject a molecular clock hypothesis was used to estimate divergence times of Thuja species,
using the Langley–Fitch (LF) method implemented in the
program r8s (Langley and Fitch, 1974; Sanderson, 2002).
The method estimated one substitution rate across the
entire tree and a set of calibrated divergence times for all
unﬁxed nodes under the TN algorithm. For comparisons,
we also used the nonparametric rate smoothing (NPRS)
and the penalized-likelihood (PL) method (Sanderson,
1997, 2002) in the divergence time estimation with r8s.
The PL method used a semiparametric approach to optimize rates on branches with a numerical penalty. Optimal
values of smoothing were determined by a cross-validation
procedure. Standard errors of the divergence times were
calculated with a nonparametric bootstrap procedure. We
simulated 100 datasets with the SEQBOOT program in
PHYLIP Version 3.6a2 (Felsenstein, 1993), then used the
matrices to generate new ML trees with PAUP* 4.0b10
and estimated the divergence time on each of the new trees
with r8s. The divergence times for node were used to calculate standard errors.
The age of the most recent common ancestor of Thuja
was ﬁxed at 60 million years before the present (mya) based
on the earliest reliable fossil record of the genus from the
middle Paleocene of Ellesmere Island in the Canadian Arctic (McIver and Basinger, 1989; Bennike, 1990; Farjon,
2005). Although LePage (2003) described a Thuja species
collected from the late Cretaceous of Alaska, the identity
of this fossil as a species of Thuja (or even Cupressaceae)
is still in doubt (Farjon, 2005).
We reconstructed biogeographic history of Thuja with
the program DIVA1.1 (Ronquist, 1996, 1997), in which
both dispersal and vicariance are allowed. Ancestral states
were inferred by minimizing the number of dispersal
events. Thus, vicariance events were emphasized in this
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analysis. We did not use an outgroup in the analysis
because Thujopsis, the sister group of Thuja, is monotypic
and has a relict distribution in Japan.
3. Results
3.1. Sequence characterization
A summary of the sequences we analyzed is shown in
Table 2. For the ﬁve cpDNA fragments, no intraspeciﬁc
sequence variation was observed. The two primers
trnPTFF and trnPTFR failed to amplify the trnT–trnF
region from T. standishii. Therefore, speciﬁc primers
trnPLR (50 GAATCGGTAGACGCTACGGA30 ) and
trnPT (50 ACCTCTGAGCTAAGCAGGCTCAT30 ) were
further designed for this species. The sequence alignments
of the rpl16 intron, AtpI–rpoC1 IGS, trnS–trnfM IGS,
trnS–trnG IGS and trnT–trnF region are 773, 1720, 781,
756, and 1069 bp in length, respectively. The combined ﬁve
cpDNA fragments have 5099 bp, of which 38 (0.75%) are
variable and 15 (0.29%) are parsimony-informative as
shown in Table 3. The trnS–trnG IGS is the most variable,
while the rpl16 intron is the least.
The LEAFY gene fragment we ampliﬁed comprised
three exons and two introns, and only one copy was found
in the ﬁve species of Thuja. The aligned LEAFY sequence
matrix contained 2836 bp with 26 variable sites, and only

two of the 10 parsimony-informative sites occurred in the
exonic region. T. standishii shared a 1-bp deletion in the
intron with T. sutchuenensis.
The ampliﬁed 4CL gene of Thuja consisted of four exons
and three introns. All conspeciﬁc clones had identical
sequence except that two distinct clones were detected from
T. plicata. To investigate whether other 4CL members are
present in the Thuja species but missed due to the PCR
bias, two sequence-speciﬁc primers 4CL-Ks (50 CTCTCT
ATGTTCTCGAAAGATCATG30 ) and 4CL-Os (50 GATC
GAATTCTATGACTCTTCG/CTC30 ) were designed for
further PCR ampliﬁcations and the same results were
obtained. The aligned 4CL matrix contained 1836 characters, of which 60 were variable. For the 30 parsimonyinformative sites, two were located at the exon regions,
while the remaining 28 were distributed in the introns,
especially the third intron. T. koraiensis shared a 29-bp
indel in the third intron with T. plicata, and the clone T. plicata 205-1 shared a 42-bp indel in the second intron with
the outgroup Thujopsis dolabrata.
For the nrDNA ITS region, two to ﬁve distinct clones
were detected from each species of Thuja. The aligned
ITS matrix, including 19 sequences, consisted of 1203
characters, of which 139 were variable and 56 were parsimony-informative. The informative sites concentrated
on ITS1 and ITS2. In addition, seven indels were found
in ITS1.

Table 2
A comparison of the eight DNA markers we used
DNA
marker

Lengtha
(bp)

Alignmenta

Variable
sitesa (%)

Parsimonyinformative
sitesa (%)

% GCa

No. of
MP tree

Length of
MP tree

CI excluding
autapomorphies

RI

cpDNA
rpl16
AtpI–rpoC1
trnS–trnfM
trnS–trnG
trnT–trnF
Combined

773
1716–1720
762–778
737–756
708–1068
4715–5074

773
1720
781
756
1069
5099

3 (0.39)
9 (0.52)
6 (0.77)
7 (0.93)
13 (1.22)
38 (0.75)

1 (0.13)
4 (0.23)
3 (0.38)
3 (0.40)
4 (0.37)
15 (0.29)

30.9
33.0
32.6
26.1
31.6
31.3

2
2
4
1
3
1

27
37
34
36
33
169

0.9630
0.9730
0.9706
1.0000
0.9697
0.9645

0.6667
0.8571
0.8000
1.0000
0.8000
0.7500

nDNA
LEAFY
4CL
ITS
Combined

2811–2833
1666–1804
1195–1200
5693–5829

2836
1836
1203
5876

26 (0.92)
60 (3.27)
139 (11.55)
105 (1.79)

10
30
56
55

37.39
37.6
56.9
41.8

1
2
2
2

71
95
193
326

0.9859
0.9368
0.9482
0.9448

0.9286
0.8636
0.8636
0.7600

a

(0.35)
(1.63)
(4.66)
(0.94)

Excluding the outgroup.

Table 3
The parsimony-informative sites from the ﬁve chloroplast DNA fragments of Thuja
Species

rpl16

AtpI–rpoC1

Thuja sutchuenensis
T. standishii
T. plicata
T. koraiensis
T. occidentalis
Thujopsis dolabrata

A
A
G
G
G
T

G
G
A
A
A
G

C
C
T
T
T
C

trnS–trnFM
G
G
G
A
A
G

A
A
A
C
C
C

A
A
G
G
G
G

A
A
C
C
C
T

trnS–trnG
G
G
G
A
A
A

T
T
T
G
G
T

G
G
T
T
T
T

trnT–trnF
A
A
A
G
G
G

T
T
T
C
C
C

T
?
C
C
T
C

T
?
T
A
A
G

A
?
A
C
C
A

Synapomorphies uniting T. plicata with the T. sutchuenensis–T. standishii group are shown in bold, while those uniting T. plicata with the T. koraiensis–T.
occidentalis group are in bolded italics. Question marks indicate missing data.
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3.2. Phylogenetic analyses
Separate analyses of individual chloroplast genes yielded
one to four most-parsimonious trees (Table 2), and none of
the genes had enough resolution for the interspeciﬁc relationships of Thuja. The ILD test showed no signiﬁcant
incongruence between the ﬁve cpDNA fragments
(P > 0.01), so we combined these sequences into a single
dataset for further phylogenetic analysis. Maximum parsimony analysis of the combined cpDNA data generated a
single most-parsimonious tree with tree length = 169, consistency index (CI) = 0.9645, and retention index
(RI) = 0.7500 (Fig. 1A). The ﬁve Thuja species were
divided into two clades: one comprised T. plicata and
two eastern Asian species T. sutchuenensis and T. standishii
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that formed a well-supported sister group, while the other
was composed of the eastern Asian species T. koraiensis
and the eastern North American species T. occidentalis.
Bayesian and ML analyses of the cpDNA data generated
the same tree topology as the MP tree.
Phylogenetic analysis of the single copy gene LEAFY
resulted in one MP tree with 71 steps (CI = 0.9859,
RI = 0.9286). In the tree, a sister relationship between
two eastern Asian species T. sutchuenensis and T. standishii
was robustly supported, whereas the remaining three species formed a strongly supported clade, in which the two
North American species T. occidentalis and T. plicata clustered together (Fig. 1B). Maximum parsimony analysis of
the 4CL gene generated two MP trees with 95 steps
(CI = 0.9368, RI = 0.8636). The strict consensus tree is

Fig. 1. Strict consensus of most-parsimonious (MP, left) and maximum likelihood (ML, right) trees of Thuja based on sequence analyses of the combined
cpDNA (A) and diﬀerent nuclear genes (B, LEAFY; C, 4CL; D, nrDNA ITS). Numbers on the branches denote the bootstrap values of 1000 replicates for
MP and ML, and the Bayesian posterior probabilities. In Fig. 1D, the branch length of Thujopsis dolabrata is not shown to scale because of the great
distance between outgroup and ingroup.
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shown in Fig. 1C, in which the eastern North American
species T. occidentalis branched oﬀ ﬁrst and the rest Thuja
species were divided into two well-supported sister clades.
One clade comprised T. standishii 203-1 and T. sutchenensis
124-2 from two eastern Asian species, and the other consisted of T. koraiensis 195-1 and two members of T. plicata,
205-1 and 205-2. A heuristic search of the ITS dataset
found two MP trees with 193 steps (CI = 0.9482,
RI = 0.8636). The strict consensus tree is shown in
Fig. 1D, in which two sister clades were found and all conspeciﬁc clones clustered into a strongly supported monophyletic group. The two eastern Asian species
T. sutchuensis and T. standishii formed a robust subclade
sister to the eastern North American species T. occidentalis,
while the two Paciﬁc species T. plicata and T. koraiensis
clustered together.
Bayesian and ML analyses of the three nuclear genes
also generated the same or similar tree topologies as the
MP trees (Fig. 1B–D). As shown in Table 4, the ILD test
showed no signiﬁcant incongruence between the three
nuclear genes (P > 0.01), and thus we combined them for
further analysis. This analysis yielded two MP trees, with
a tree length of 326 steps (CI = 0.9448, RI = 0.7600). The
strict consensus tree is shown in Fig. 2, in which the eastern
North American species T. occidentalis formed a trichotomy with two strongly supported species pairs, i.e.,
T. standishii–T. sutchenensis, and T. koraiensis–T. plicata.
In the Bayesian and ML analyses of the combined nuclear
DNA, including the partitioned Bayesian analysis, the two
species pairs were also robustly supported (Fig. 2). However, the ILD test revealed signiﬁcant incongruence

Table 4
P values from the incongruence length diﬀerence (ILD) test
Dataset

P value

cpDNA vs. LEAFY
cpDNA vs. 4CL
cpDNA vs. ITS
LEAFY vs. 4CL
LEAFY vs. ITS
4CL vs. ITS
cpDNA vs. nuclear DNA

0.071
0.001
0.001
0.015
0.032
0.135
0.003

Fig. 2. The strict consensus tree of Thuja based on sequence analyses of
the combined three nuclear genes with Thujopsis dolabrata as the
outgroup. Numbers on the branches denote the bootstrap values of
1000 replicates for MP and ML, and the Bayesian posterior probabilities.
The distributions of Thuja species and the outgroup are shown on the
right.

between cpDNA and the combined nuclear DNA
(P = 0.003), although cpDNA and the LEAFY gene had
congruent phylogenetic signals (P = 0.071). The SH test
indicated that the cpDNA tree is signiﬁcantly incongruent
with the nuclear DNA data (P = 0.0018) and the nuclear
DNA tree is also signiﬁcantly incongruent with the cpDNA
data (P = 0.0242). Therefore, we did not conduct an analysis for the combined chloroplast and nuclear gene data.
The LRT test showed no signiﬁcant rate heterogeneity
among lineages for the 4CL gene (d = 1.56, df = 4,
P > 0.05), but revealed signiﬁcant rate heterogeneity
among lineages for the nrDNA ITS (d = 130.86, df = 4,
P < 0.001), LEAFY (d = 26.62, df = 4, P < 0.001), and
combined cpDNA (d = 155.99, df = 4, P < 0.001) datasets.
Therefore, the 4CL gene in favor of the molecular clock
hypothesis was selected to estimate divergence times. To
explore the reticulate evolutionary history of Thuja (discussed later), the combined cpDNA deviating from clocklike evolution was also used for molecular clock estimation
with the PL method.
Based on the 4CL gene data, the LF analysis suggested
the split between the two eastern Asian species T. standishii
and T. sutchuenensis at 23.7 ± 5.04 Mya, the divergence
between T. koraiensis and T. plicata at 14.7 ± 6.06 Mya,
and the separation between the T. standishii–T. sutchuenensis clade and the T. koraiensis–T. plicata clade at
51.1 ± 3.96 Mya (Fig. 3). The results of NPRS and PL
analyses are very similar to the LF analysis (Table 5).
According to the PL analysis of the combined cpDNA,
the divergence between T. standishii and T. sutchuenensis
occurred at 27.5 ± 5.22 Mya, and that between T. koraiensis and T. occidentalis at 29.8 ± 6.42 Mya.
Compared to other gene trees we constructed, the 4CL
tree has a good resolution for the interspeciﬁc relationships
of Thuja, and thus was used to infer biogeographic history
of the genus. The DIVA analysis indicated that the most
recent common ancestor (MRCA) of Thuja could have a
wide distribution in eastern Asia and North America and
one dispersal from eastern Asia to North America occurred
(Fig. 3).

Fig. 3. The distribution history of Thuja reconstructed by DIVA and
divergence times of the genus estimated by LF based on the 4CL gene
data, with a calibration point of 60 Myr at the root node (indicated by a
star) where Thuja diverged from the outgroup. The node age estimates
with standard errors are marked above branches and the results of DIVA
analysis are indicated below branches. A, eastern Asia; B, North America.
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Table 5
Molecular clock estimation of divergence times of Thuja based on the 4CL
gene (95% credibility intervals in parentheses)
Node

1
2
3

Method
LF

NPRS

PL

14.7 (±6.06)
23.7 (±5.04)
51.1 (±3.96)

12.8 (±6.15)
23.9 (±5.00)
49.8 (±4.03)

14.1 (±6.24)
22.7 (±5.00)
50.3 (±5.57)

Node numbers correspond to those marked in Fig. 3.

4. Discussion
4.1. A reticulate evolutionary history of Thuja with
chloroplast DNA recombination and chloroplast capture
McIver and Basinger (1989) proposed the ﬁrst phylogeny of Thuja including both extant and fossil species, based
on seed cone structure, modern distribution and fossil
records of the genus. They inferred that T. sutchuenensis
might have arisen in the Paleocene and could represent a
basal clade together with the fossil species T. ehrenswaerdii
from Greenland. The fossil species T. nipponica found in
Japan and Russia and the T. standishii–T. koraiensis lineage were hypothesized to form a clade sister to a group
comprising the two North American species T. occidentalis
and T. plicata (McIver and Basinger, 1989). The cone characteristics of all Thuja species, except T. sutchenensis, are
remarkably similar and not distinguishable in some poorly
preserved fossil specimens (LePage, 2003), and thus should
be used carefully in the phylogenetic inference. Using the
direct sequence of nrDNA ITS, Li and Xiang (2005) reconstructed a phylogeny of Thuja, in which the western North
American species T. plicata forms a clade with the eastern
Asia species T. koraiensis, while the eastern North America
species T. occidentalis is sister to the T. standishii–T. sutchuenensis lineage. In the present study, we used multiple
genes to reconstruct the phylogeny of Thuja, and found
high topological discordance between chloroplast and
nuclear gene trees, even between diﬀerent nuclear gene trees
(Fig. 1). This ﬁnding strongly suggests that the genus Thuja
could have a reticulate evolutionary history due to multiple
interspeciﬁc hybridization events.
Two species pairs T. standishii–T. sutchenensis and
T. koraiensis–T. plicata have been revealed by our study
(Figs. 1 and 2). The former comprising two eastern Asia
species is robustly supported by both chloroplast and
nuclear genes, and the latter consisting of two species from
both sides of Beringia forms a well-supported clade in the
4CL, nrDNA ITS and combined nuclear gene trees. It is
interesting that T. koraiensis shows a sister relationship
with T. occidentalis in the cpDNA tree rather than with
T. plicata as indicated in the nuclear gene trees. This incongruence between chloroplast and nuclear gene phylogenies
very likely results from interspeciﬁc gene ﬂow and subsequent chloroplast capture (Rieseberg and Soltis, 1991;
Wei and Wang, 2003; Liston et al., 2007), given that the sister relationship between T. koraiensis and T. plicata is
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strongly supported by two independent nuclear genes
involving diﬀerent functions and especially by a bootstrap
value of 100% in the combined nuclear gene tree (Figs. 1C,
D and 2). That is to say, T. koraiensis could have captured
the chloroplast genome of T. occidentalis when ancient pollen ﬂow and hybridization occurred between the two species. This inference is also supported by the
predominantly paternal inheritance of chloroplast in the
family Cupressaceae s.l. (Neale et al., 1989; Mogensen,
1996; Shiraishi et al., 2001) and the ﬁnding that ﬂoral
exchange is frequent between eastern Asia and North
America in the history (Tiﬀney, 1985a,b; Milne, 2006).
In the chloroplast gene tree, only the phylogenetic position of T. plicata is weakly supported (Fig. 1A). Of the 15
parsimony-informative sites in the cpDNA matrix, all sites
are identical between T. sutchenensis and T. standishii
except three missing in T. standishii, and 14 are identical
between T. koraiensis and T. occidentalis. Notably,
T. plicata shares eight sites with the T. sutchenensis–T.
standishii group and six sites with the T. koraiensis–T. occidentalis group (Table 3). This mosaic distribution of nucleotide variations in T. plicata could be explained by
ancestral cpDNA polymorphism or chloroplast DNA
recombination. However, the possibility that T. plicata
has maintained a diﬀerent ancestral type of chloroplast
DNA could be ruled out, since none of the gene trees we
obtained supports it as a primitive species in Thuja and
its present populations are obviously descendants of a refugial population having experienced a bottleneck during
the last ice age (Glaubitz et al., 1999). The chimeric chloroplast sequence in T. plicata more likely stems from recombination between the two main cpDNA types found in
groups T. sutchenensis–T. standishii and T. koraiensis–T.
occidentalis, respectively, when historical interspeciﬁc
hybridization occurred. In fact, chloroplast recombination
has been reported from some taxa, including conifers such
as Pinus contorta (Marshall et al., 2001) and Cycas tatitungensis (Huang et al., 2001), though non-recombination is
regarded as a vital characteristic when researchers use
cpDNA in phylogenetic analyses. We infer that T. koraiensis might have hybridized with a species in the T. sutchenensis–T. standishii group after it captured the cpDNA of
T. occidentalis, and then the hybrid with a recombinant
cpDNA migrated into western North America, giving rise
to T. plicata. This putative migration event from eastern
Asia to North America is also corroborated by the result
of the DIVA analysis (Fig. 3), and could have occurred
in the middle Miocene according to the molecular clock
estimation of the divergence between T. koraiensis and
T. plicata (Table 5).
4.2. Biogeography of Thuja
In the early studies eastern Asia had been regarded as a
cradle of many EA–ENA disjunct taxa, though this view
was hotly debated (Wen, 1999). Since T. sutchuenensis, a
species endemic to central China, bears much smaller
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mature seed cones (5–8 mm vs. 7–18 mm) and less cone
scales (4 pairs vs. 4–6 pairs) than other congeners, it was
once regarded as the most ancestral species of Thuja (McIver and Basinger, 1989; Farjon, 2005). In addition, the
other two eastern Asia species T. standishii and T. koraiensis, distributed in the two sides of the Korea–Japan Strait,
were ever treated as sister species by virtue of morphological characters (McIver and Basinger, 1989). Li and Xiang
(2005) proposed an eastern Asia origin and two subsequent
dispersals to North America for the genus Thuja, based on
the directly sequenced nrDNA ITS. However, this point is
not supported by the present study. As discussed formerly,
the involvement of some species such as T. koraiensis and
T. plicata in the putative ancient hybridization events really
makes it diﬃcult to investigate the evolutionary history of
Thuja, but the gene trees still provide us some biogeographic information and seem to suggest a North American origin of the genus. In the 4CL gene tree (Fig. 1C),
the eastern North American species T. occidentalis has a
basal position. Also, this species seems to represent an
ancient lineage not closely related to any other extant species of Thuja in the combined nuclear gene tree (Fig. 2),
though a sister relationship between the two North American species is weakly supported by a synapomorphic site
mutation in the LEAFY gene tree (Fig. 1B).
Actually, the North American origin hypothesis of
Thuja is also supported by fossil evidence. Although a
number of fossils from late Cretaceous and Tertiary sediments were assigned to Thuja or Thuites, most of the
Thuja-like vegetative remains should be reexamined and
identiﬁed due to the similarity of foliage between several
cupressaceous genera such as Thuja, Chamaecyparis, and
Calocedrus (McIver and Basinger, 1989). LePage (2003)
described the fossil species Thuja smileya with seed cones
that was collected from the late Cretaceous of Alaska,
but the identiﬁcation of this species is still in doubt (Farjon,
2005). Till now, the earliest and most reliable fossils of
Thuja are T. ehrenswaerdi from Greenland and T. polaris
from the Ellesmere Island of Canada, both occurring in
the Paleocene and in the polar regions of the Western
Hemisphere (Schweitzer, 1974; McIver and Basinger,
1989). The younger fossils of this genus include T. nipponica from Japan and Sikhote Alin of Russia in the late
Miocene (Akhmetiev, 1973; Huzioka and Uemura, 1973),
and T. occidentalis from Peary Land of North Greenland
in the Plio-Pleistocene (Bennike, 1990). It is obvious that
Thuja and Thuja-like fossils are restricted to North America and northeastern Asia. Thuja grows in a cold and
humid habitat and rarely occurs as a dominant species in
the community, which might have limited its expansion
in the warm climate of the early Tertiary.
Based on the molecular analyses and fossil records, it
could be deduced that Thuja originated from the high-latitude areas of North America in the Paleocene or earlier.
Then the genus was dispersed to eastern Asia through the
Bering Land Bridge, and the subsequent vicariance gave
rise to the species pair T. standishii–T. sutchenensis. Also,

the Bering Land Bridge and/or the Aleutian bridge might
have mediated further migrations of Thuja species and
resulted in several interspeciﬁc hybridization events. One
may argue that the DIVA analysis suggests a wide distribution of the common ancestor of Thuja in eastern Asia and
North America and does not support the North American
origin hypothesis. However, the ancestor distribution
inferred from the DIVA analysis is not very reliable when
approaching the root node. In particular, no appropriate
outgroup can be used for the DIVA analysis in the present
study due to the relict distribution of Thujopsis, and thus
the ancestral area of Thuja can not be convincingly
deduced by the software, in which vicariance events are
emphasized (Fig. 3). It could also be argued that Thuja is
more likely to have an origin in eastern Asia, where it
has more extant species and its sister genus Thujopsis.
However, it has been widely recognized that modern diversity center is not an indication of geographical place of origin (e.g., Manchester and Tiﬀney, 2001; Ran et al., 2006).
Eastern Asia had served as a refugium for plenty of plant
taxa including primitive and advanced types during the late
Tertiary and Quaternary climate deterioration. In addition,
the Japanese islands, as a typical ‘‘stepping stone” for plant
migration (Gernandt and Liston, 1999; Wang et al., 2003),
has conserved many endemic taxa, including conifers such
as Abies ﬁrma, Chamaecyparis pisifera, Picea polita, Pseudotsuga japonica, and Thujopsis dolabrata.
It has been suggested that Eastern Asia could be subdivided into two separate refugial provinces. One includes
the Japanese Archipelago, Korea Peninsula and the adjacent areas of northeast China, and the other consists of
south and southeast China, with extensions to the Himalayas (Donoghue et al., 2001; Milne and Abbott, 2002). The
two provinces had been separated by an arid zone since the
Eocene and throughout the Miocene (Tiﬀney and Manchester, 2001). It could be inferred that the arid zone would
have acted as a barrier helpful to the vicariance speciation
of T. standishii and T. sutchenensis. This inference is consistent with the results of molecular clock estimation. Both
cpDNA and the 4CL gene analyses suggest that the split
between T. standishii and T. sutchuenensis could have
occurred in the Oligocene or early Miocene (cpDNA,
27.5 ± 5.22 Mya; 4CL, 23.7 ± 5.04 Mya for LF).
4.3. The selection of molecular markers in the study of
biogeographical disjunction between eastern Asia and North
America
When it has become a trend that the biogeographical
study uses information from many disciplines, including
morphological, ecological, paleontological, paleoclimatic,
paleogeologic, and molecular data, the most important
thing is to reconstruct a robust phylogeny of the organisms
under study. To date cpDNA and nrDNA ITS are still the
most widely used molecular markers in studying interspeciﬁc relationships. The cpDNA has many merits, such as
the relatively simple genetics (uniparental inheritance,
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single copy, non-recombination) and conserved coding
regions for the design of universal primers, but its independent use can not resolve hybridization events. The use of
nrDNA ITS in phylogenetic analysis is also limited by
paralogy, incomplete concerted evolution and pseudogene
(Alvarez and Wendel, 2003), though this marker has
advantages of biparental inheritance, low functional constraint underlying large sequence variation, high copy
number and the universal primers available for most
plants. Recently, the biparentally inherited single or lowcopy nuclear genes are increasingly used in the phylogenetic reconstruction. These nuclear gene markers often
exhibit high evolutionary rates and can oﬀer multiple
unlinked loci for independent phylogenetic inference (e.g.,
Oh and Potter, 2005; Whittall et al., 2006), which could
increase the conﬁdence of the phylogenetic trees. However,
low-copy nuclear gene has its limitations such as shortage
of universal primers, diﬃculty of copy number and orthology assessment, and lineage sorting (Sang, 2002; Small
et al., 2004).
As discussed above, each gene marker has its own evolutionary trajectory and functional constraints, causing
the limitations in molecular systematic studies. An integrative analysis of multiple gene markers with diverse origins
can oﬀset the limitations and would be very helpful to
the phylogenetic studies of taxa with complex evolutionary
history. For example, Cronn et al. (2003) successfully discovered the chimeric genome structure of Gossypium gossypioidses, a diploid cotton species native to Mexico, and
clearly reconstructed the evolutionary history of the species
based on an analysis of four chloroplast and ten nuclear
genes. The multiple gene analysis is also very helpful to
the study of historical biogeographical patterns such as
the eastern Asia and North America disjunction, the formation of which involves many factors.
The hypothesis that ﬂoristic relationship is closer
between eastern Asia and eastern North America than
between eastern and western North America is still in controversy (Tiﬀney, 1985b; Graham, 1993; Xiang et al., 1998;
Wen, 1999; Tiﬀney and Manchester, 2001). It was believed
that the ﬂoristic exchange between eastern and western
North America would have been interrupted by the midcontinental seaway occupying the central North America
in the Late Cretaceous and the subsequent uplift of the
Rocky Mountains accompanying with the retreat of the
seaway in the Paleocene (Tiﬀney, 1985b; Graham, 1993).
However, the studies of plant groups with a disjunct distribution in eastern Asia and both eastern and western North
America indicate that eastern and western North America
are biogeographically more closely related in most cases
such as Adiantum pedatum complex (Paris and Hauﬂer,
1994), Trillium (Kato et al., 1995), Calycanthus, Aralia sect.
Aralia (Wen et al., 1996, 1998), Boykinia, Cornus, Tiarella,
and Trautvetteria (Xiang et al., 1998). There are also some
exceptional examples in which the eastern and western
North America species are derived from diﬀerent lineages
such as Styrax (Fritsch, 1999, 2001) and Chamaecyparis
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(Wang et al., 2003). In the present study, we revealed a
reticulate evolutionary history of Thuja, a genus with a typical disjunct distribution in eastern Asia and both eastern
and western North America, based on ﬁve cpDNA fragments, nrDNA ITS and two low-copy nuclear genes. However, the reticulate evolution in Thuja was not discovered in
the previous study using single molecular marker (Li and
Xiang, 2005). Considering that most previous studies on
plant groups with the eastern Asia and North America disjunction are based on uniparentally inherited cpDNA and
(or) directly sequenced nrDNA ITS data, the historical
reticulate evolution in these taxa might have been underestimated. This could be partially responsible for the diﬃculty in elucidating the relationship between eastern Asia,
eastern and western Northern America. Therefore, we suggest that multiple genes from diﬀerent genomes, especially
low-copy nuclear genes, be used in the future biogeographical studies.
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