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six continents in the Ampelopsis clade of the
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Abstract

Background: The Ampelopsis clade (Ampelopsis and its close allies) of the grape family Vitaceae contains ca. 43
species disjunctly distributed in Asia, Europe, North America, South America, Africa, and Australia, and is a rare
example to study both the Northern and the Southern Hemisphere intercontinental disjunctions. We reconstruct
the temporal and spatial diversification of the Ampelopsis clade to explore the evolutionary processes that have
resulted in their intercontinental disjunctions in six continents.

Results: The Bayesian molecular clock dating and the likelihood ancestral area analyses suggest that the Ampelopsis

clade most likely originated in North America with its crown group dated at 41.2 Ma (95% HPD 23.4 - 61.0 Ma) in the
middle Eocene. Two independent Laurasian migrations into Eurasia are inferred to have occurred in the early Miocene
via the North Atlantic land bridges. The ancestor of the Southern Hemisphere lineage migrated from North America to
South America in the early Oligocene. The Gondwanan-like pattern of intercontinental disjunction is best explained by
two long-distance dispersals: once from South America to Africa estimated at 30.5 Ma (95% HPD 16.9 - 45.9 Ma), and
the other from South America to Australia dated to 19.2 Ma (95% HPD 6.7 - 22.3 Ma).

Conclusions: The global disjunctions in the Ampelopsis clade are best explained by a diversification model of
North American origin, two Laurasian migrations, one migration into South America, and two post-Gondwanan
long-distance dispersals. These findings highlight the importance of both vicariance and long distance dispersal in
shaping intercontinental disjunctions of flowering plants.

Background
Understanding the underlying mechanisms for the evolu-

tion of wide-ranging disjunct patterns has long been a

major focus of biogeography [1-5]. Taxa disjunct at the

global level involving both Northern and Southern Hemi-

sphere are particularly informative because their histories

may have general implications for other groups. Biogeo-

graphic history in the Northern Hemisphere is compli-

cated, but has usually been explained by the widespread

distribution of the Boreotropical flora in the Eocene and

followed by appearance of more temperate forest ele-

ments during the mid-Tertiary extirpations of thermo-

philic elements in response to climatic cooling episodes

of the late Eocene and the Plio-Pleistocene [6-11]. The

Southern Hemisphere is often interpreted to show a

vicariance pattern attributed to the sequential breakup of

Gondwanan landmasses [12]. Recent studies on Nothofa-

gus have demonstrated the relevance of long distance dis-

persal rather than vicariance in shaping Gondwanan

distributional patterns [13-16].

Commonly three main routes for the migration of taxa

between the Northern and the Southern Hemisphere

have been recognized (Figure 1). The first is the opening

of biotic exchanges between North and South America at

various times in the Tertiary [1,17]. The second hypothe-

tical migration route is the trans-Tethyan dispersal

between Europe and Africa [18]. The third is less com-

mon concerning the possible route between Asia and

Australia in the Miocene and later [18,19]. These three

routes can be viewed as alternative hypotheses for the ex

situ origin of elements of global diversity.
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There are many examples of global distribution between

the Southern and the Northern Hemisphere, particularly

in pantropical families (e.g., Rubiaceae, Annonaceae, Laur-

aceae) or in many large cosmopolitan genera, such as

Ranunculus [20], Senecio [21], and Lobelia [22,23]. Never-

theless, all of them have continuous distribution from the

tropics to the temperate zones. Molecular studies usually

show a very complex disjunct history of large taxa with

relatively low resolution [24,25]. There are also some taxa

with relatively few species that exhibit an intercontinental

disjunction involving both the Northern and the Southern

Hemisphere. However, the disjunction in such taxa usually

involves only one or two northern or southern landmasses.

Examples include Caltha (Ranunculaceae) with a global

disjunction but absent from Africa [26] and Thamnosma

(Rutaceae) disjunct between North America and Africa

[27]. Of great interest, we have recently found a truly glo-

bal disjunct pattern in a small group including Ampelopsis

Michx. and its relative taxa from the grape family, Vitaceae

[28-30].

Figure 1 Delimitation of the six areas for taxa in the Ampelopsis clade and the schematic models used in the Lagrange analyses. N =

North America; A = eastern Asia; E = Europe to central Asia; F = Africa; S = South America; and U = Australia.
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Vitaceae is a well-known group of flowering plants hav-

ing a largely pantropical distribution in Asia, Africa, Aus-

tralia, the neotropics, and the Pacific islands, with only a

few genera in temperate regions [31-33]. As currently cir-

cumscribed, Ampelopsis is one of the few genera mostly

restricted to the north temperate zone. It has approxi-

mately 25 species disjunctly distributed in Eurasia (c. 22

spp.) and North and Central America (3 spp.). Recent

phylogenetic analyses based on plastid or nuclear

sequences revealed that there are at least two disjunc-

tions between the New and the Old World in the genus

[28,29]. More interestingly, both chloroplast and nuclear

data clearly suggested that the African Rhoicissus Planch.

and the South American Cissus striata Ruiz & Pav. com-

plex form a clade nested within the paraphyletic Ampe-

lopsis [28,29]. Rhoicissus consists of about 12 species

endemic to tropical and southern Africa. The Cissus

striata complex contains four species from South Amer-

ica [29,34]. Furthermore, the Australian genus Clemati-

cissus Planch. seemed to be closely related to the Cissus

striata - Rhoicissus clade based on plastid data [30,35].

There are only two Clematicissus species known from

Australia: C. opaca from Australia’s eastern region and

C. angustissima from the west coast [30]. Therefore, the

Northern Hemisphere Ampelopsis and its three close

relatives (Rhoicissus, Clematicissus and the Cissus striata

complex) from the Southern Hemisphere (hereafter

referred to as the Ampelopsis clade) demonstrate an unu-

sual global intercontinental disjunct pattern involving six

continents (Figure 1). Yet morphologically, the Ampelop-

sis clade seems to be heterogeneous, such as in having

4-7-merous flowers and fleshy to dry fruits [29].

The Ampelopsis clade offers a good opportunity to

explore the origin and evolution of the global interconti-

nental disjunct pattern in flowering plants, especially

concerning both Northern and Southern Hemisphere

intercontinental disjunctions. A hierarchical global dis-

tribution was predicted by our previous studies, but

with limited sampling [28,29]. We herein employ phylo-

genetic, molecular dating, and biogeographic methods to

reconstruct the evolutionary history of the Ampelopsis

clade based on a comprehensive sampling scheme using

four plastid regions (trnL-F, rps16, psbA-trnH, and atpB-

rbcL).

Methods
Taxon sampling, DNA sequencing, and phylogenetic

analyses

We sample 28 of the 43 species (65%) of the Ampelopsis

clade including all three North American Ampelopsis

species, 15 of the 22 Eurasian Ampelopsis, five of the 12

Rhoicissus species from Africa, three of the four species

from the Cissus striata complex from South America,

and the two Australian Clematicissus species (Additional

file 1, Table S1). The sampling covers the entire extant

geographic range of Ampelopsis and its close relatives

from both the Northern and Southern Hemisphere. But

we still have some missing taxa in our sampling scheme,

such as Rhoicissus with only 41% species sampled. How-

ever, each group is supposed to be monophyletic based

on morphological, biogeographic, and molecular evi-

dence [28-30,34,36]. The missing taxa in our sampling

should have little effect in the present study that focused

on phylogenetic relationships among genera and biogeo-

graphic evolution at the intercontinental level. In order

to place our analyses of the Ampelopsis clade in a broad

framework on the family level, we sampled 66 additional

taxa from the other major groups in Vitaceae (i.e., the

Vitis - Parthenocissus - Ampelocissus clade, the core Cis-

sus clade, and the Cyphostemma - Caryatia - Tetra-

stigma clade) plus three Leea species of Leeaceae based

on previous investigations [28,29].

Total DNAs were extracted from silica gel dried leaves

using the Dneasy Plant Mini Kit (QIAGEN, Crawley,

UK). Amplification and sequencing followed Soejima and

Wen (2006) for trnL-F, rps16, and atpB-rbcL, and Meng

et al. [37] for psbA-trnH. DNA sequences were

assembled using Sequencher v4.1.4 (Gene Codes Corp.,

Ann Arbor, Michigan, USA). Sequence alignment was

initially performed using MUSCLE 3.8.31 [38] in the

multiple alignment routine followed by manual adjust-

ment in Se-Al v2.0a11 (http://tree.bio.ed.ac.uk/software/

seal/). The chloroplast genome is generally considered as

one unit without recombination although there have

been reports of recombination in the chloroplast genome

[39]. Therefore, we combined all the plastid data (trnL-F,

rps16, psbA-trnH, and atpB-rbcL) in our analysis. The

combined plastid data were analyzed using Bayesian

inference as implemented in MrBayes 3.1.2 [40]. The

best-fit model of nucleotide substitution (GTR + I + G)

was determined by MrModelTest 2.3 [41] using the

Akaike Information Criterion (AIC). Variation of gaps in

our sequences is not complicate. A total of 31 binary

characters were coded for gaps according to Simmons

and Ochoterena [42] and separated into independent

partition in all analyses. Bayesian tree topology and pos-

terior probabilities (PP) were determined from two inde-

pendent runs of four incrementally heated chains. Runs

were performed for 5 million generations with sampling

of trees every 500th generation. When the log-likelihood

scores were found to have stabilized, a consensus tree

was calculated after omitting the first 10% of trees as

burn-in.

Divergence time estimation

For molecular dating analyses, the strict molecular clock

model was rejected from our dataset based on a likeli-

hood ratio test performed in PAUP* [43]. Therefore, we
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estimated node ages within the Ampelopsis group using

a Bayesian relaxed clock model as implemented in

BEAST v1.6.1 [44]. We largely followed the dating stra-

tegies in Nie et al. (2010), which analyzed diversification

in Parthenocissus of Vitaceae. After optimal operator

adjustment as suggested by the output diagnostics from

several preliminary BEAST runs, two final independent

runs (each 50 million generations) were performed on a

cluster of Mac XServes used for analysis of biological

data at the Smithsonian Institution (http://topazweb.si.

edu). Tracer version 1.5 was used to check for conver-

gence between the runs [44]. After discarding the first

10% samples as burn-in, the trees and parameter esti-

mates from the two runs were combined using Log-

Combiner 1.6.1 [44]. Results were considered reliable

once the effective sampling size (ESS) for all parameters

exceeded 200 as suggested by the program manual [45].

The samples from the posterior were summarized on

the maximum clade credibility tree using the program

TreeAnnotator 1.6.1 [44] with posterior probability limit

of 0.5 and mean node heights summarized.

Fossil seeds of Vitaceae can be differentiated to the

generic level [46,47]. The oldest best preserved seed fossil

of the family is from the late Paleocene of the Beicegel

Creek locality in North Dakota. This fossil is undoubtedly

assigned to Ampelocissus s.l. (as A. parvisemina Chen &

Manchester) and is easily distinguished from all other

vitaceous genera by its long, parallel ventral infolds and a

centrally positioned oval chalazal scar [46]. Since the

Ampelocissus s.l. is not monophyletic with Vitis nested

within it [28], the A. parvisemina fossil thus may repre-

sent an early member of the Ampelocissus clade retaining

some characters shared with its common ancestor to

Vitis [46]. The stem age of the Ampelocissus - Vitis clade

was thus fixed at 58.5 ± 5.0 million years ago (Ma).

For the root age of Vitaceae, Nie et al. (2010) fixed the

split between Vitaceae and Leea as 85 ± 4 based on the

estimated age of 78-92 Ma by Wikström et al. (2001).

Recently, Bell et al. (2010) reported an estimate ranging

from 65 (45 - 81) to 48 (21 - 79) Ma for the crown age

Vitis - Leea clade, which is roughly consistent with the

earliest fossil evidences of Vitaceae in the Palaeocene

[46]. However, their results may have underestimated for

Vitaceae because the oldest fossil of A. parvisemina is

undoubtedly assigned to the Ampelocissus s.l. within

Vitaceae and the family is predicted to have a Cretaceous

history in view of its basal position in the rosids and the

presence of Cretaceous rosid fossils [48]. The time esti-

mates of angiosperms by Magallón and Castillo (2009)

also suggested a pre-Tertiary origin as 90.65 (90.47 -

90.84) to 90.82 (90.64 - 91) Ma for Vitaceae. The infer-

ences from Magallón and Castillo (2009) and Wikström

et al. (2001) are close, although the later was criticized

for the nonparametric rate smoothing method and for

calibrating the tree using only a single calibration point.

Therefore, we used the estimate from Magallón and Cas-

tillo (2009) and set the normal prior distribution of 90.7

± 1.0 Ma for the stem age of the family. A low standard

error was used because of the narrow 95% confidence

from Magallón and Castillo (2009).

Ancestral area reconstruction

Several methods have been recently proposed that take

into account of genetic branch lengths, phylogenetic

uncertainty, and branch length uncertainty for recon-

structing distributional change through evolutionary

time, using either maximum likelihood [49] or Bayesian

inference [50]. The ancestral area of the Ampelopsis

clade was reconstructed with the likelihood analysis

using the program Lagrange version 20110117 [49,51].

Unlike the DIVA method [52], this likelihood approach

incorporates an explicit dispersal-extinction-cladogenesis

(DEC) model of dispersal routes available at historical

intervals correlating stochastic events with lineage per-

sistence [49]. The likelihood analysis is prone to esti-

mate wide ancestral ranges for early-branching lineages

[53-55]. In our case, ancestral ranges were assumed to

include no more than two areas since all extant species

in the Ampelopsis clade are restricted into only one

area. Moreover, spatial and temporal constraints (e.g.,

area distances, continent connections, dates of geological

origin) may be imposed in the DEC model estimation,

providing a more accurate estimation of the ancestral

ranges and hypothesis testing of different geographic

scenarios. We did not conduct the Bayesian calculation

of ancestral geographic distributions with standard con-

tinuous-time Markov chains (CTMCs), because geologic

information (e.g., the presence and dissolution of land

bridges and island chains) is not explicitly incorporated

into the analyses.

We herein used the likelihood method to test a null

model and six alternative biogeographic scenarios (Figure 1)

based on the hypothesized dispersal or migration routes

between the Northern and the Southern Hemisphere. Six

areas were delimited by continental divisions and the extant

distributions of the Ampelopsis clade: 1) N - North America

including Central America; 2) S - South America; 3) F -

Africa; 4) A - eastern Asia; 5) E - Europe to central Asia;

and 6) U - Australia (Figure 1). The unconstrained null

model (M0) assumes that spatial and temporal distribution

has no effect on biogeographic patterns of evolution and

allows geographic ranges to include any possible combina-

tion of continents and permits direct dispersal between any

area pairs. The M1 model favors a migration route from

North to South America (N - S) with the biogeographic

connections between Europe and Africa (E - F) and eastern

Asia and Australia (A - U) excluded from our analyses.

Similarly, the M2 model considers the connection between
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E - F and did not allow other possibilities. The migration

route between Asia and Australia (M3) seems less likely,

but we still considered it in our analyses as a comparison.

We also test models that allow two connections between

the Northern and Southern hemispheres (M4 - M6 in

Figure 1). Following Ree et al. (2005), the results between

models were assessed by directly comparing their log-likeli-

hood scores. The conventional cut-off value over two log-

likelihood units was considered statistically significant, and

models with lower likelihood score were rejected [56,57].

Results
The total length of the aligned data matrix is 3933 bp.

The Bayesian consensus tree is highly congruent with the

maximum clade credibility tree obtained from BEAST

and the later is shown in Figure 2 with PP support values

> 0.50. Our results support the monophyly of the Ampe-

lopsis clade with three major lineages resolved within the

Ampelopsis clade (Figure 2). Two distinct lineages (here-

after named as North I and II) correspond to the two sec-

tions of Ampelopsis [58]. North I includes all species of

section Leeaceifoliae with pinnately to bipinnately com-

pound leaves. North II consists of taxa of section Ampe-

lopsis with simple or palmately-divided or palmately-

compound leaves. The Southern Hemisphere taxa (the

African Rhoicissus, the South American Cissus striata

complex, and the Australian Clematicissus) form a clade

(the South group in Figure 2).

A total of 100 million generations (2 runs of 50 mil-

lion generations each) are necessary to reach sufficient

ESS. The Ampelopsis clade is estimated to have diverged

from its close relatives in Vitaceae at 41.2 (23.4 - 61.0)

Ma in the Eocene. The Bayesian estimates also suggest

that all the other major clades of Vitaceae (e.g., Vitis -

Parthenocissus - Ampelocissus clade, core Cissus clade,

and Cyphostemma - Cayratia - Tetrastigma) had already

diversified in the Eocene (Figure 2). Ages of major

groups within the Ampelopsis clade obtained in our

study are summarized in Table 1.

Patterns of temporal and spatial distribution of the

Ampelopsis clade are inferred using the maximum likeli-

hood DEC method. We compare seven models (i.e., a null

and six alternatives) for the six areas (Figure 1) and the

effects of different models on likelihood reconstructions

are shown in Table 1. Analyses based on M1, M4, and M5

typically have lower likelihood scores than other models

and produced nearly identical results (Table 1). For exam-

ple, all of them suggested that the ancestral range split at

the stem South lineage is between North and South Amer-

ica (Node 2 in Table 1). Our results also suggest that the

three models (M1, M4, and M5) are significantly different

from the others (M2, M3, and M6) with scores over two

log-likelihood units. The M1 model is suggested as the

best one with the highest likelihood score, and this model

is shown in Figure 3.

Discussion
North American origin

The Ampelopsis clade is composed of two distinct Laura-

sian lineages each disjunct between the Old and the New

World and one South group with a Gondwana-like inter-

continental disjunction: (Africa (Australia, and South

America)) (Figure 3). The most likely model M1 in the

DEC analyses suggested that the Ampelopsis clade had an

early diversification in North America with a geographic

split between N (North America) and NS (North and

South America) (Table 1; Figure 3). The fact that most

fossil records of the family including the oldest record in

the Paleocene are found from North America [46] is con-

sistent with this “out of North America” hypothesis.

Although South America is inferred as part of the ances-

tral areas (Table 1), it seems less likely to be the ancestral

area of the Ampelopsis clade than North America because

there are very few fossils known before the Eocene of

South America [47]. Furthermore, phylogenetic results

also contradict the possibility of South American origin

because the South American group is well embedded

within the Ampelopsis clade (Figure 2). Asia also seems

less likely than North America to be the ancestral area of

the Ampelopsis clade, in spite of its highest extant species

richness of the lineage. No seed records with ages younger

than Oligocene are known from Asia [47].

The ancestral area for a taxon is usually expected to be

correlated with high extant species richness. For example,

eastern Asia usually has a higher level of species diversity

and endemism, and has been suggested to be the ancestral

area for many eastern Asian - eastern North American dis-

junct groups [59-63]. Donoghue and Smith (2004) found a

predominance of directionality from Asia to the New

World. Of the 29 lineages they analyzed with an eastern

Asian and eastern North American disjunction, only one

lineage showed directionality from eastern North America

to eastern Asia. However, Wen et al. (2010) reported

many more lineages with North American origins and

subsequent migrations into eastern Asia, with 29 of the

total 98 examined (30%) lineages migrated/dispersed from

the New World to the Old World. It seems that eastern

Asia has been over-emphasized as an ancestral area for

Laurasian taxa due to its retention of the greater number

of species [62,64]. North America is supported to have

played an important role in the early evolution of the two

Ampelopsis lineages in spite of the lower species diversity

today in North America compared with eastern Asia. The

lower species richness in North America is often explained

by the hypothesis that both North America and eastern

Asia were occupied by Boreotropical elements in the early
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Tertiary but North America suffered more severe extinc-

tions with global cooling beginning in the late Eocene or

Oligocene [10,63]. The high level of species diversity and

endemism in Asia can also be attributed to secondary

diversification due to habitat heterogeneity as well as a

lower rate of extinctions in the late Tertiary [60,61].
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Figure 2 Maximum clade credibility tree inferred with BEAST, with the 95% highest posterior density indicated by gray bars. Nodes of
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Table 1 Results of molecular dating and ancestral range reconstruction for major nodes within the Ampelopsis clade.

-lnL D E Node 0:
Crown Ampelopsis clade

Node 1:
Crown North I

Node 2:
Stem South group

Node 3:
Crown South group

Node 4:
Crown Cissus striata complex - Clematicissus

Node 5:
Disjunct

Molecular dating
with BEAST (Ma)

41.2 (23.4-61.0) 21.8(6.2-26.3) 35.5(20.7-52.3) 30.5(16.9-45.9) 17.4(7.4-29.0) 19.2(6.7-22.3)

M0 32.42 0.003401 0.004318 N|NF (0.25) A|N (0.81) F|N (0.32) S|F (0.22),
U|F (0.21)

U|S (0.63) N|A (0.47)

M1 30.19 0.007085 0.003586 N|NS (0.61) A|N (0.85) S|N (0.92) S|F (0.54) U|S (0.79) N|A (0.46),
N|E (0.36)

M2 34.47 0.00986 0.008992 A|E (0.25),
N|E (0.20)

A|N (0.51) F|E (0.55) F|F (0.39) U|S (0.32) N|E (0.51)

M3 32.94 0.007539 0.005598 A|AU (0.60) A|N (0.68) U|A (0.90) U|F (0.42),
U|U (0.41)

U|S (0.77) N|A (0.72)

M4 30.65 0.006486 0.003784 N|NS (0.61) A|N (0.84) S|N (0.91) S|F (0.51) U|S (0.78) N|A (0.46),
N|E (0.35)

M5 30.89 0.006096 0.003555 N|NS (0.58) A|N (0.84) S|N (0.86) S|F (0.51) U|S (0.79) N|A (0.48),
N|E (0.35)

M6 33.3 0.007028 0.005918 A|AU (0.55) A|N (0.66) U|A (0.80) U|U (0.40),
U|F (0.37)

U|S (0.73) N|A (0.65)

The nodes of interest are shown in Figure 2, and the likelihood scores (-lnL), and estimates of dispersal (D) and extinction (E) rates (events per million years) are given. M0 is a null model without constraints and M1-

M6 are alternative models in the Lagrange analyses. Only the highest relative probability is shown. Bold text represents the model with a significantly better likelihood when compared with the other models tested

(more than two log-likelihoods better)
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Diversification pattern in the Southern Hemisphere

The likelihood analyses using Lagrange based on M1,

M4, and M5 suggest that the most likely route between

the Northern and the Southern Hemisphere is from

North to South America, although more options of con-

nections are permitted in M4 (between Europe and

Africa) and M5 (between eastern Asia and Australia)

(Table 1 and Figure 3). Ampelopsis may have dispersed

into South America via scattered continental and/or vol-

canic islands that connected North and South America

at various times in the Tertiary [1,17], such as via the

proto Greater Antilles (ca. 50 Ma) or via GAARlandia

that existed around 33 - 35 Ma [17,65]. The separation

of the southern lineage from its Laurasian ancestor at

35.5 (20.7 - 52.3) Ma in the late Eocene broadly coin-

cides with a possible biological connection between

OligoceneEocene
early Miocene

0 Ma10203040

North I
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S
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U
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Ampelopsis grossedentata

Cissus simsiana

Ampelopsis aconitifolia

Cissus striata ssp. striata
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Ampelopsis cordata

Ampelopsis glandulosa var. heterophylla

Ampelopsis cantoniensis

Cissus granulosa

Ampelopsis glandulosa var. kulingensis

Ampelopsis arborea

Ampelopsis megalophylla

Cissus striata ssp. argentina

Rhoicissus revoilii

Rhoicissus tomentosa

Ampelopsis hypoglauca

Ampelopsis humulifolia

Ampelopsis orientalis

Rhoicissus digitata

Ampelopsis delavayana

Ampelopsis denudata

Ampelopsis chaffanjonii

Ampelopsis bodinieri

Ampelopsis rubifolia

Clematicissus opaca

Rhoicissus rhomboidea 

Ampelopsis acutidentata

Clematicissus angustissima

Rhoicissus tridentata

Rhoicissus tomentosa

Ampelopsis japonica
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Figure 3 Biogeographic scenario for the global disjunction of the Ampelopsis clade based on molecular dating and the best M1

model with the highest likelihood score in the ancestral range analyses. Long distance dispersal is indicated as dash lines and migration

as solid lines. The ancestral area of the Ampelopsis clade is shown with black stars on the maps. The tree branches and ranges on the tree are
coded as follows: blue = North America (N); grey = eastern Asia (A); orange = Europe and central Asia (E); green = South America (S); yellow =

Africa (F); and red = Australia (U).
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North and South America around the Eocene-Oligocene

boundary [66]. Fossil seeds found from the Eocene of

South America are closely related to those of the Cen-

tral American Ampelocissus, indicating the possible flor-

istic connection between North and South America at

that time [46].

Another possible migration route is that the Laurasian

ancestors of the Ampelopsis clade reached Africa using

the Boreotropical connection via the North Atlantic and

Europe in the late Eocene to early Oligocene. However,

this hypothesis is rejected by the Lagrange analysis (see

M2 in Table 1). The model M4 with two possible con-

nections between the Northern and Southern Hemi-

sphere (N - S and E - F, Figure 1) did not support the

European-African (E - F) route. Although the separation

of the southern lineage from its Laurasian ancestor in

the early Oligocene broadly coincides with the disrup-

tion of the Boreotropical flora around the Eocene-Oligo-

cene boundary [66], both the shallow seas that separate

Africa from Eurasia and the dry belt in northern Africa

were barriers to biotic exchange between the two conti-

nents in the early to mid Tertiary [1,67,68]. The third

hypothesis (the M3 model, Table 1) is that Ampelopsis

entered the Southern Hemisphere via the Asian - Aus-

tralian connection. This model seems quite unlikely

based on our analyses (Table 1). The model M5 that

permits two connections between Northern and South-

ern Hemisphere (N - S, A - U, Figure 1) also prefers the

connection between North and South America (N - S)

rather than the Asian - Australian connection (A - U).

The availability of biotic interchange between Australia

and Asia beginning at the Miocene [18] is too recent to

support this scenario.

The divergence time 30.5 (95% HPD: 16.9 - 45.9) Ma

in the early Oligocene was estimated for the first split

between South America and Africa (node 3 in Figure 2

and Table 1). This time is well after the last possible

connection of Africa and other southern landmasses at

around 96-105 Ma [18,19]. We thus argue that long dis-

tance dispersal (LDD) is the most plausible mechanism

for their southern intercontinental disjunction. Vitaceae

taxa are usually dispersed by animals, especially birds

[32,69-71]. All taxa in the Ampelopsis clade except the

Australian Clematicissus angustissima bear fleshy berries

that may have facilitated LDD. In particular, LDD has

been recently accepted by a number of studies as the

driving force for plant disjunctions in the Southern

Hemisphere, especially for those with relatively recent

divergence times [5,20,72-74]. Biogeographic studies on

Vochysiaceae [75] suggested a LDD from South America

to Africa in the Oligocene. Givnish et al. [76] showed

that the single African genus Maschocephalus of Rapa-

teaceae is of recent origin in the late Miocene and

reached Africa from South America via LDD. Dispersals

between Africa and South America have also been sug-

gested for a number of well-studied taxa, such as in

Melastomataceae [77], and Simaroubaceae [73].

Our results support that the southern lineage of

Ampelopsis arrived in Australia from South America in

the early Miocene (node 4 in Figure 2). Migration

between Australia and South America may be alterna-

tively explained by a trans-Antarctic exchange [12]. This

Antarctic route existed during the late Cretaceous-early

Tertiary and was interrupted only in the late Eocene

(30-35 Ma) when the South Tasman Sea opened up

between Australia and eastern Antarctica [19,78]. This

route is supported by evidence from several plant

groups, such as Annonaceae [79], and Sapotaceae [80].

Yet the split between the South American Cissus striata

complex and the Australian Clematicissus in the early

Miocene is too young to be explained by an Antarctic

migration. LDD is the most plausible explanation for

this disjunction. Finally, the disjunction of the two

Clematicissus species in eastern and western Australia

[30,81] may represent a relict distribution and their

divergence time in the Pliocene is consistent with the

aridification in central Australia at that time [82,83].

Laurasian migrations

The DEC reconstruction suggests a North American -

eastern Asian split (N|A) for the North I disjunction and

a North American - eastern Asian or North American -

Europe split (N|A or N|E) for the disjunction in the

North II lineage (Table 1; Figure 3). The two Northern

Hemisphere disjunctions may have involved the North

Atlantic land bridges or the Bering land bridge from

North America to eastern Asia [10,84]. We prefer to use

the North Atlantic route because it is well supported in

sect. Ampelopsis (North II in Figure 3). The southern

North American Ampelopsis denudata diverged first, fol-

lowed by the southeastern US A. cordata. The western

Asian/southern European A. orientalis is then sister to

the large Asian clade. The relative position of these areas

in the cladogram is congruent with the migration of the

lineage from North America to Europe across the North

Atlantic land bridges, and the lineage then reached Asia

subsequently (Figure 3).

The Bayesian molecular clock dating with fossil calibra-

tion suggests an early Miocene split of the two disjunct

groups in Ampelopsis (nodes 1 and 5 in Figure 2). The

divergence times are also consistent with the possibility

of the North Atlantic migration route. Based on paleo-

geological, zoological, and botanical fossil evidence, Tiff-

ney (1985b) argued for the importance of the North

Atlantic land bridges to tropical or warm temperate spe-

cies in the early Eocene to middle Miocene. A continuous

belt of Boreotropical elements covered much of the

southern part of North America, southern Eurasia, and
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northwestern Africa in the Eocene [9,66]. At that time,

plant migrations through direct land connection or

across limited water gaps were possible through the

North Atlantic land bridges. Significant cooling during

the Oligocene resulted in southward retreats and the

extirpation of some lineages comprising this flora

[64,85,86]. A gradual warming period occurred into the

early Miocene, resulting in the expansion of some ever-

green and thermophilic lineages in Europe and North

America [87,88]. Dispersal of Boreotropical or warm

temperate thermophilic elements, such as Ampelopsis, is

therefore considered likely across the North Atlantic land

bridges during this period. There are very few extant

Vitaceae species in Europe, but many vitaceous seeds

were reported in the early Tertiary of Europe [47,89].

Together, these lines of evidence strongly suggest that

the Ampelopsis clade may have used the corridors via the

North Atlantic land bridges as a pathway to reach Eurasia

in the early Miocene.

Conclusions
Our results suggest a complex history of diversification

in the Ampelopsis clade to explain the global disjunc-

tions that includes a North American origin, two Laura-

sian migrations, one migration into South America, and

two post-Gondwanan LDDs. These findings may have

general implications for the origin and diversification of

plants with global disjunctions. Asia, Africa, or South

America has often been suggested as the ancestral area

for many intercontinental disjunct groups [4,90,91]. Evi-

dence from the Ampelopsis clade suggests that North

America may have played an important role in the ori-

gin of some modern flowering plants in spite of its often

lower species diversity when compared with other areas,

such as eastern Asia [92] or Africa [93]. Recent biogeo-

graphic analyses of several other groups appear to pro-

vide additional examples of North American origins

(e.g., Phryma [94]; Simaroubaceae [73]). This study also

highlights the importance of the North and South

American route in the global diversification between the

Northern and the Southern Hemisphere [95]. This route

apparently played an important role in the wide distri-

bution of many pantropical plants in the early Tertiary,

such as Annonaceae [96,97], Malpighiaceae [91], and

Rubiaceae [98].

Recent biogeographic analyses have underscored the

relative importance of LDD to intercontinental disjunc-

tions in the Southern Hemisphere than traditionally

assumed [3,13]. The fit between area cladograms and

the history of tectonic fragmentation might have been

overstated [5]. If we accepted the results of our calibra-

tion analyses as absolute, rather than minimum ages,

then the Southern Hemisphere clade is too young to

have been achieved by the Gondwanan breakup. The

Gondwana-like disjunction in the Ampelopsis clade was

reconstructed to have a North American origin with an

initial migration into South America and then dispersed

from South America into Africa and Australia indepen-

dently via LDD. A similar example from Lycium (85

spp., Solanaceae) was suggested a New World origin of

Lycium with recent dispersal from the Americas to

Africa, and then to eastern Asia [99-101]. Dispersal has

been hypothesized to be the dominant pattern in this

genus that has red, fleshy, bird-dispersed fruits [99]. On

the other hand, however, the Laurasian lineages in

Ampelopsis clade favor a vicariance migration pattern

from North America via the North Atlantic land bridges

to Eurasia. Our results thus support both the Laurasian

migrations and the post-Gondwanan LDD to explain the

global disjunction of the Ampelopsis clade.

Additional material

Additional file 1: Table S1. Voucher information and GenBank
accession numbers of the Ampelopsis clade and representative
taxa in Vitaceae. Abbreviations of herbaria are as follows: KUN, Kunming
Institute of Botany, Chinese Academy of Sciences; and US, the United
States National Herbarium. Accession numbers beginning with JQ
indicate sequences generated for this study and the others were
obtained from GenBank. A dash means sequences missing.
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Taxa Voucher/Source Locality trnL-F atpB-rbcL rps16 psbA-trnH 

Ampelocissus acapulcensis (Kunth) 

Planch.  

Wen 8696 (US) Mexico JF437281 JQ182472 JQ182627 JF437058 

Ampelocissus africana (Lour.) Merr.  Luke & Luke 11449 

(US) 

Kenya, Makindu JQ182553 JQ182448 JQ182603 JQ182507 

Ampelocissus africana (Lour.) Merr.  Luke & Luke 11536 

(US) 

Tanzania, Udzungwa 

Mountain 

JQ182550 JQ182444 JQ182599 JQ182504 

Ampelocissus ascendiflora Latiff  Wen 8422 (US) Malaysia, Selangor AB234982 JQ182430 JQ182583 — 

Ampelocissus elegans Gagnep.  Wen 7507 (US) Singapore, Bukit Timah 

Nature Reserve 

AB234981 JQ182427 JQ182581 — 

Ampelocissus elephantina Planch.  Wen 9583 (US) Madagascar — HM585516 HM585792 HM585659 

Ampelocissus erdwendbergii Planch.  Wen 8697 (US) Mexico JQ182569 JQ182471 JQ182626 JQ182527 

Ampelocissus javalensis (Seem.) W.D. 

Stevens & A. Pool  

Wen 6920 (US) Costa Rica AB234984 AB234911 AB234943 — 

Ampelocissus obtusata (Welw. ex Baker) 

Planch.  

Luke & Luke 11590 

(US) 

Tanzania, Inyonga JQ182556 JQ182457 JQ182612 JQ182510 

Ampelocissus thyrsiflora (Blume) Planch.  Deden 870 (US) Indonesia, SE Sulawesi JQ182546 JQ182438 JQ182593 JQ182499 

Ampelopsis aconitifolia Bunge  Wen 8518 (US) China, Beijing JQ182560 JQ182461 JQ182616 JQ182517 



Ampelopsis acutidentata W.T. Wang  Wen et al. (Tibet-

MacArthur) 3479 

(KUN, US) 

China, Yunnan JQ182561 JQ182462 JQ182617 JQ182518 

Ampelopsis arborea  Kochne  Wen 7164 (US) USA, Alabama AB234990 — AB234946 JQ182487 

Ampelopsis bodinieri (H. Lév. & Vaniot) 

Rehder  

Wen 9003 (US) China, Shaanxi JQ182562 JQ182463 JQ182618 JQ182519 

Ampelopsis cantoniensis K. Koch  Wen 10810 (US) Vietnam JQ182545 JQ182437 JQ182592 JQ182498 

Ampelopsis chaffanjonii (H. Lev.) Rehder  Wen 9382 (US) China, Guangxi JQ182570 JQ182475 JQ182630 JQ182528 

Ampelopsis cordata Michx.  Wen 9700 (US) USA, Texas JQ182558 JQ182459 JQ182614 JQ182513 

Ampelopsis delavayana Planch. ex 

Franch.  

Wen 9377 (US) China, Guangxi JF437287 JQ182476 JQ182631 JF437065 

Ampelopsis denudata Planch.  Wen 8695 (US) Mexico JQ182577 JQ182483 JQ182638 JQ182534 

Ampelopsis glandulosa var. hancei 

(Planch.) Momiy.  

Wen 8289 (US) Philippines JQ182571 JQ182477 JQ182632 JQ182529 

Ampelopsis glandulosa var. heterophylla 

(Thunb.) Mom.  

Wen 9380 (US) China, Guangxi JF437289 JQ182474 JQ182629 JF437067 

Ampelopsis glandulosa var. kulingensis 

(Rehd.) Mom.  

Wen 9361 (US) China, Hunan JQ182572 JQ182478 JQ182633 JQ182530 

Ampelopsis grossedentata (Hand.-Mazz.) 

W.T. Wang  

Wen 9336 (US) China, Hunan JQ182573 JQ182479 JQ182634 JQ182531 



Ampelopsis humulifolia Bge.  Wen 8519 (US) China, Beijing JQ182563 JQ182464 JQ182619 JQ182520 

Ampelopsis hypoglauca (Hance) C.L. Li  Wen 8195 (US) China, Chongqing AB235000 JQ182431 JQ182584 JQ182490 

Ampelopsis japonica (Thunb.) Makino  Wen s.n. (US) Cult. in Washington D.C. JQ182538 — JQ182585 JQ182491 

Ampelopsis megalophylla Diels & Gilg  Wen 9035 (US) China, Shaanxi JQ182564 JQ182465 JQ182620 JQ182521 

Ampelopsis orientalis Planch.  Al-Shehbaz 0687 (US) Turkey JQ182565 JQ182466 JQ182621 JQ182522 

Ampelopsis rubifolia (Wall.) Planch.  Wen 9285 (US) China, Hunan JF437293 JQ182473 JQ182628 JF437072 

Cayratia cordifolia C.Y. Wu  Wen 10548 (US) China, Yunnan HM585934 HM585518 HM585794 HM585661 

Cayratia geniculata (Blume) Gagnep.   Wen 10680 (US) Indonesia, West Java JQ182575 JQ182481 JQ182636 JQ182532 

Cayratia japonica (Thunb.) Gagnep Shui et al. 81847 

(KUN, US) 

China, SE Yunnan JQ182578 JQ182484 JQ182639 JQ182535 

Cayratia maritima Jackes Wen 10701 (US) Indonesia, Papua JQ182576 JQ182482 JQ182637 JQ182533 

Cayratia mollissima (Wall.) Gagnep.   Wen 8403 (US) Malaysia, Pahang HM585938 HM585522 HM585798 HM585665 

Cayratia sp.  Wen 10301 (US) Indonesia, SE Sulawesi JQ182547 JQ182439 JQ182594 JQ182500 

Cayratia wrayi (King) Gagnep.  Wen 10913 (US) Vietnam JQ182544 JQ182436 JQ182591 JQ182497 

Cissus adnata Roxb.  Wen 10519 (US) China, Yunnan JQ182579 JQ182485 JQ182640 JQ182536 

Cissus albiporcata Masinde & L. E. 

Newton  

Luke & Luke 11456 

(US) 

Kenya, Chyulu Plains JF437304 JQ182442 JQ182597 JF437087 

Cissus aralioides Planch.  Aplin s.n. (US) Cult. in Belgium National 

Bot Garden 

JQ182554 JQ182455 JQ182610 JQ182508 

Cissus erosa Rich.  Wen 8586 (US) Peru, Pasco HM585942 HM585526 HM585802 HM585668 



Cissus granulosa Ruiz & Pav.  Wen 8611 (US) Peru, Pasco JQ182543 JQ182435 JQ182590 JQ182496 

Cissus integrifolia (Baker) Planch.  Luke & Luke 11475 

(US) 

Kenya, Shimba Hills JQ182551 JQ182445 JQ182600 JQ182505 

Cissus javana DC.  Shui et al. 81970 

(KUN, US) 

China, SE Yunnan JQ182580 JQ182486 JQ182641 JQ182537 

Cissus nodosa Blume  Wen 10713 (US) Indonesia, Papua HM585945 HM585529 HM585805 HM585671 

Cissus phymatocarpa Masinde & L.E. 

Newton  

Luke & Luke 11474 

(US) 

Kenya, Diani Forest JF437311 JQ182452 JQ182607 JF437095 

Cissus pileata Desc.  Wen 9662 (US) Madagascar JQ182557 JQ182458 JQ182613 JQ182512 

Cissus producta Afzel.  Luke & Luke 11528 

(US) 

Tanzania, Udzungwa 

Mountain 

JF437312 JQ182447 JQ182602 JF437096 

Cissus repens Lam.  Shui et al. 81807 

(KUN, US) 

China, Yunnan HM585946 HM585530 HM585806 HM585672 

Cissus simsiana Schult. & Schult. f.  Nee & Wen 53805 

(US) 

Bolivia, Santa Cruz JQ182539 — JQ182586 JQ182492 

Cissus striata ssp. argentina (Suess.) 

Lombardi  

Nee & Wen 53854 

(US) 

Bolivia, Santa Cruz JQ182540 JQ182432 JQ182587 JQ182493 

Cissus striata ssp. striata Ruiz & Pav.  Wen 7355 (US) Chile, Concepcion AB235018 JQ182428 JQ182582 JF437104 

Cissus trianae Planch.  Nee & Wen 53942 

(US) 

Bolivia, Santa Cruz JQ182541 JQ182433 JQ182588 JQ182494 



Cissus verticillata (L.) Nicolson & C.E. 

Jarvis  

Wen 10165 (US) Indonesia JQ182542 JQ182434 JQ182589 JQ182495 

Clematicissus angustissima (F. Muell.) 

Planch.  

Rossetto et al., 2002 Australia, Western 

Australia 

JQ182574 JQ182480 JQ182635 — 

Clematicissus opaca (F. Muell.) Jackes & 

Rossetto  

Rossetto et al., 2002 Australia, Queensland JQ182548 JQ182440 JQ182595 JQ182501 

Cyphostemma kilimandscharicum (Gilg) 

Wild & R.B. Drumm.  

Luke & Luke 11469 

(US) 

Kenya, Chyulu Hills JF437327 JQ182451 JQ182606 JF437112 

Cyphostemma maranguense (Gilg) Desc.  Luke & Luke 11468 

(US) 

Kenya, Chyulu Hills JF437329 JQ182449 JQ182604 JF437114 

Cyphostemma serpens (Hochst. ex A. 

Rich.) Desc.  

Luke & Luke 11447 

(US) 

Kenya, Kiboko JQ182552 JQ182446 JQ182601 JQ182506 

Cyphostemma thomasii (Gilg & Brandt) 

Descoings  

Luke & Luke 11448 

(US) 

Kenya, Makindu JF437331 JQ182450 JQ182605 JF437117 

Leea gonioptera Lauterb.   Wen 10711 (US) Indonesia, Papua JQ182559 JQ182460 JQ182615 — 

Leea guineensis G. Don  Wen 80_84 (US) Cult. in Hawaii, originally 

from Africa 

JQ182549 JQ182441 JQ182596 JQ182503 

Leea indica (Burm. f.) Merr.   Wen 10910 (US) Vietnam HM585953 HM585537 HM585813 HM585679 

Parthenocissus chinensis C.L. Li  Nie & Meng 470 

(KUN, US) 

China, Sichuan HM223270 HM223381 HM223327 JQ182502 



Parthenocissus feddei (Lévl.) C.L. Li  Zhang 319 (US) China, Hunnan HM223307 HM223416 HM223359 JQ182526 

Parthenocissus quinquefolia (L.) Planch.  Wen 9711 (US) USA, Texas HM223258 HM223368 HM223315 JQ182514 

Parthenocissus semicordata (Wall.) 

Planch.  

Wen et al. (Tibet-

MacArthur) 887 

(KUN, US) 

China, Xizang HM223271 HM223382 HM223328 JQ182511 

Parthenocissus suberosa Hand.-Mazz.  Nie & Meng 358 

(KUN, US) 

China, Guizhou HM223273 HM223384 HM223330 JF437134 

Parthenocissus vitacea (Knerr) Hitchc.  Wen 10488 (US) Canada, Quebéc HM223295 HM223407 HM223352 HM585681 

Rhoicissus digitata Gilg & Brandt  Gerrath s.n. (US) cult. in Iowa, USA AB235047 JQ182429 AB234966 JQ182489 

Rhoicissus revoilii Planch.  Luke & Luke 11698 

(US) 

Kenya, Magadi JQ182555 JQ182456 JQ182611 JQ182509 

Rhoicissus rhomboidea Planch.  Wen 6673 (US) Cult.  in Missouri Bot. 

Gard., USA 

AB235048 AB234931 AB234967 JQ182488 

Rhoicissus tomentosa (Lam.) Wild & R.B. 

Drumm.  

Aplin 19656252 (US) Cult. in Belgium National 

Bot Garden  

JF437342 JQ182454 JQ182609 JF437139 

Rhoicissus tomentosa (Lam.) Wild & R.B. 

Drumm.  

Wen 10076 (US) South Africa, KwaZulu 

Natal 

HM223252 HM223362 HM223309 JQ182516 

Rhoicissus tridentata (L. f.) Wild & R.B. 

Drumm.  

Luke & Luke 11453 

(US) 

Kenya, Chyulu Hills JF437341 JQ182443 JQ182598 JF437138 

Tetrastigma caudatum Merr. & Chun  Wen 10812 (US) Vietnam, Vinh Phuc HM585967 HM585551 HM585827 HM585691 



Tetrastigma ceratopetalum C.Y. Wu  Shui et al. 81836 

(KUN, US) 

China, SE Yunnan HM585937 HM585521 HM585797 HM585664 

Tetrastigma erubescens Planch.  Wen 10968 (US) Vietnam, Guangnam HM585987 HM585571 HM585847 HM585711 

Tetrastigma henryi Gagnep.  Wen 10518 (US) China, Yunnan HM586002 HM585586 HM585862 HM585724 

Tetrastigma obovatum (M.A. Lawson) 

Gagnep.  

Wen 10567 (US) China, Yunnan HM586024 HM585608 HM585883 HM585746 

Tetrastigma serrulatum (Roxb.) Planch.  Wen 10532 (US) China, Yunnan  HM586003 HM585587  HM585863  HM585725 

Tetrastigma sichouense C.L. Li  Wen 10547 (US) China, Yunnan  HM586046 HM585631  HM585905  HM585768 

Vitis aestivalis Michx.  Wen 10428 (US) USA, Delaware HM223286 HM223398 HM223343 JQ182515 

Vitis davidiana (Carrière) G. Nicholson  Wen 9060 (US) China, Shaanxi JQ182568 JQ182470 JQ182625 JQ182525 

Vitis flexuosa Thunb.  Wen 8540 (US) Japan, Chiba - Ken JQ182567 JQ182469 JQ182624 JQ182524 

Vitis mengziensis C.L. Li  Nie & Meng 415 

(KUN, US) 

China, Yunnan  HM223276 HM223387 HM223333  JF437158 

Vitis popenoei Fennell  Wen 8724 (US) Mexico  HM586072 HM585657  HM585930  HM585790 

Vitis riparia Michx.  Wen 8658 (US) USA, Virginia  JF437357 JQ182453 JQ182608  JF437165 

Vitis rotundifolia Michx.  Wen 11087 (US) USA, Arkansas  JF437358 JQ182468 JQ182623 JF437166 

Vitis vulpina L.  Wen 11082 (US) USA, Arkansas JQ182566 JQ182467 JQ182622 JQ182523 

Yua thomsonii (M.A. Lawson) C.L. Li   Nie & Meng 469 

(KUN, US) 

China, Sichuan  HM223277 HM223389 HM223335 JF437171 
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