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ORIGIN AND BIOGEOGRAPHY OF AESCULUS L. (HIPPOCASTANACEAE):
A MOLECULAR PHYLOGENETIC PERSPECTIVE
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Abstract.—Sequences of chloroplast gene matK and internal transcribed spacers of nuclear ribosomal RNA genes were
used for phylogenetic analyses of Aesculus, a genus currently distributed in eastern Asia, eastern and western North
America, and southeastern Europe. Phylogenetic relationships inferred from these molecular data are highly correlated
with the geographic distributions of species. The identified lineages closely correspond to the five sections previously
recognized on the basis of morphology. Ancestral character-state reconstruction, a molecular clock, and fossil evidence
were used to infer the origin and biogeographic history of the genus within a phylogenetic framework. Based on the
molecular phylogenetic reconstruction of the genus, sequence divergence, and paleontological evidence, we infer that
the genus originated during the transition from the Cretaceous to the Tertiary (~65 M.Y.B.P) at a high latitude in
eastern Asia and spread into North America and Europe as an element of the “‘boreotropical flora’’; the current disjunct
distribution of the genus resulted from geological and climatic changes during the Tertiary.
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The buckeye genus (Aesculus) represents one of the most
remarkable examples of intercontinental disjunction of plants
in the Northern Hemisphere. The genus has 13-19 species
that are currently found in eastern Asia, eastern and western
North America, and Europe (Hardin 1957a, 1960; Fang
1981). The taxonomy of Aesculus has long been controversial
and its history was reviewed thoroughly by Hardin (1957a,
1960). In the most recent monographic study of Aesculus by
Hardin (1957a, 1960), 13 species, divided among five sec-
tions, were recognized within the genus (see Table 1; Fig.
1). More recently, six new species of Aesculus were described
from China (Fang 1981). These are A. polyneura Hu et Fang,
A. lantsangensis Hu et Fang, A. tsiangii Hu et Fang, A. wangii
Hu et Fang, A. chuniana Hu et Fang, and A. megaphylla Hu
et Fang. These new species are nearly indistinguishable from
previously described species and their recognition remains
tentative.

A phylogenetic scheme was proposed for Aesculus by Har-
din (1957a), based on a noncladistic analysis of morpholog-
ical data (Fig. 1). Hardin (1957a) believed that Aesculus di-
verged into two major groups, one consisting of the eastern
North American species (section Pavia or Sect. A in figures)
with the exception of A. parviflora, and a second group that
subsequently diverged into a Mexican species (section Par-
ryana or Sect. B in figures) and a large group that later split
into three subgroups: section Aesculus (or Sect. D in figures)
containing two species, one from Japan and one from south-
eastern Europe; section Calothyrsus (or Sect. E in figures)
containing five species, one from California and four from
eastern Asia; and section Macrothyrsus (or Sect. C in figures)
containing a single species (A. parviflora) from Alabama and
Georgia (Fig. 1). Based on this phylogenetic hypothesis and
the fact that the genus Billia, the other member of Hippo-

3 Corresponding author. E-mail: crawford.13@osu.edu.

castanaceae and the putative sister group of Aesculus, occurs
in tropical America (Central and South America), Hardin
(1957a) proposed that Aesculus originated in Central or South
America from a Billia-like ancestor with subsequent migra-
tion northward into North America in the early Tertiary or
earlier, with one part to the Appalachian area and a second
element up the west coast of North America and on to Asia
and Europe via the Bering Strait. In contrast, Raven and
Axelrod (1974, 1978), using paleontological evidence, sug-
gested that Aesculus as well as the family Hippocastanaceae
originated in North America and subsequently migrated to
other continents. They suggested that Billia did not attain its
distribution in South America until the Pliocene or perhaps
even more recently.

A clear understanding of the phylogenetic relationships of
Aesculus is the prerequisite for evaluating these differing bio-
geographic hypotheses. Thus, our goals in this study were
(1) to conduct phylogenetic analyses for Aesculus using mo-
lecular data from both chloroplast (sequences of matK) and
nuclear (sequences of internal transcribed spacer [ITS] of
rDNAs) genomes; and (2) to gain insights into the origin and
biogeographic history of the genus from a molecular phy-
logenetic perspective.

MATERIALS AND METHODS

All species of Aesculus recognized in Hardin’s (1957a,
1960) revision of the genus were included in this study with
the exception of one species from eastern Asia (A. assamica
Griffith) for which leaf material was not available (Table 1).
One of the six newly described species, A. wangii, was also
included. The bitypic neotropical genus Billia (Hippocastan-
aceae) and the monotypic genus Handeliodendron (Sapin-
daceae) from southern China were chosen as outgroups based
on a recent phylogenetic analysis for Sapindaceae and pu-
tative relatives by Judd et al. (1994) using morphological

988

© 1998 The Society for the Study of Evolution. All rights reserved.



ORIGIN AND BIOGEOGRAPHY OF AESCULUS 989

TABLE 1. Leaf materials used for internal transcribed spacer and matK sequencing. Sections of Aesculus are listed following the sequence
of Hardin (1957a). RSABG, Rancho Santa Ana Botanical Garaden. Sequences and vouchers without information for herbaria where they

are housed are available from QYX.

Taxon

Voucher Locality

Ingroup:

Aesculus L.
Sect. Parryanae Wiggins
A. parryi Gray
Sect. Aesculus
A. turbinata Blume
A. hippocastanum L.
Sect. Calothyrsus (Spach) K. Koch
. californica (Spach) Nuttall-1
. californica (Spach) Nuttall-2
. chinensis Bunge
. indica (Camb.) Hook
. wangii Hu et Fang
. wilsonii Rehder
Sect. Macrothyrsus (Spach) K. Koch
A. parviflora Walter
Sect. Pavia (Mill.) Persoon
A. flava Solander-1
A flava Solander-2
A. glabra Willd.-1
. glabra Willd.-2
pavia L.-1
. pavia L.-2
. sylvatica Bartram-1
. sylvatica Bartram-2

[ N A

NN

Outgroups:
Billia sp.
Handeliodendron bodinieri (Levl.)

RSABG, BC-17230

J. Wen, sene no.
Kew, 000-69.11289-263

Kew, 000-69.10442-265

D. J. Crawford, 408, OS

C. W. DePamphilis, F-M1-4
D. J. Crawford, 413, OS

C. W. DePamphilis, 931

D. J. Crawford, 404, OS

C. W. DePamphilis, P-Tu-2
C. W. DePamphilis, 50

C. W. DePamphilis, S-Ga-2

B. Hammel, 20075, OS
Rehder Q.-Y. Xiang, 302

Baja California, Mexico

Nikko Botanical Garden, Japan

D. J. Crawford, 406, OS Alameda Co., California

T. M. Hardig, 2795, WS Calaveras Co., California
Q.-Y. Xiang, 305 Mts. Qingling, China

Q.-Y. Xiang, 301 Godawari, Kathmandu, Nepal
Q.-Y. Xiang, 300 Kunming, Yunnan, China
Q.-Y. Xiang, 303 Mao Co., Sichuan, China

Vinton Co., Ohio

Mantair Lake, North Carolina
Miami Co., Ohio

USA

Franklin Co., Ohio
Tuscaloosa Co, Alabama
Clarke Co., Georgia

Gaston Co., North Carolina

Costa Rico
Kuiling, Guangxi, China

data. The results of that analysis indicated that Aesculus,
Billia, and Handeliodendron formed a strongly supported tri-
chotomical clade and suggested that Handeliodendron is more
closely related to Aesculus and Billia than to other members
of Sapindaceae.
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A. turbinata

A. hippocastanum
A. californica

A. indica

A. assamica

A. wilsonii

A. chinensis

Billia-like ancestor

Fic. 1. Phylogenetic and classification schemes of Aesculus pro-
posed by Hardin (1957). Sect. A, section Pavia; Sect. B, section Par-
ryana; Sect. C, section Macrothyrsus; Sect. D, section Aesculus; and
Sect. E, section Calothyrsus.

DNAs were isolated from silica-gel dried or fresh leaf ma-
terial using the miniprep protocol of Cullings (1992), which
we modified by grinding a piece of 2 X 2 cm leaf tissue in
1 ml of 2X CTAB with 4% PVP and 0.5% of -mercapto-
ethanol with a mortar and pestle. The complete ITS region
of nuclear rDNA and the chloroplast gene matK were am-
plified using PCR. Primers ITS-5m (forward; Sang et al.
1995) and ITS-4 (reverse; White et al. 1990) were used for
ITS amplification, which covers the 5.8S as well as the ITS-
1 and ITS-2 regions. Primers matK-1F and matK-1R (Sang
et al. 1997) were used for matK amplification. Double-strand-
ed PCR products were used as templates for sequencing of
matK and single-stranded PCR products were used as tem-
plates for sequencing of ITS. Single-stranded ITS sequences
were amplified by asymmetric PCR using the double-stranded
PCR products as templates and only one PCR primer, ITS-
4 or ITS-5m. PCR products were cleaned following the meth-
od of Morgan and Soltis (1993) and Xiang et al. (1993).
Methods for matK sequencing followed Sang et al. (1997),
and the ITS sequencing followed Baldwin (1992) and Soltis
and Kuzoff (1995) using the internal primers ITS-2 (reverse)
for ITS-1 region and ITS-3 (forward) for ITS-2 region.

Sequences of ITS were aligned first using the computer
program CLUSTAL V (Higgins et al. 1992) and then were
adjusted manually. Experiments with various alignment pa-
rameters (gap opening cost/gap extension cost of 50/8, 30/
7, 20/5, 10/5, 5/3, and 3/1) using CLUSTAL V gave highly
similar alignments that yielded identical or nearly identical
tree topologies to that derived from the manually adjusted
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alignment. Sequences of matK were aligned easily, without
ambiguity (see Results below), using the matK of Alangium
(Cornaceae; Xiang et al. 1998) and Saxifraga (Saxifragaceae;
Johnson and Soltis 1994) as references. For both ITS and
matK sequences, nucleotide compositions and sequence di-
vergence between species were examined using MEGA 1.0
(Kumar et al. 1993). The manually adjusted alignment of the
ITS sequences was used for these analyses and the following
phylogenetic analyses. Phylogenetic analyses were conducted
for both ITS and matK sequences separately using standard
Fitch parsimony on PAUP 3.1.1 (Swofford 1993). The heu-
ristic search parameters included the MULPARS option and
random taxon addition of 100 replicates, and tree-bisection-
reconnection (TBR) branch-swapping. Characters were de-
fined as unordered with equal weight. Analyses of ITS se-
quences excluding regions with uncertain alignment were
also conducted and the same tree topology was found.

The ITS and matK tree topologies obtained were tested for
incongruence using the Templeton test (Templeton 1983) fol-
lowing Larson (1994). Results indicated that the matK tree
does not significantly reject the ITS tree (n = 14, Ts = 40
> T g5 = 21), but the ITS tree significantly rejects the matK
tree (n = 37, Ts = 91 < T 991 = 140), suggesting the two
trees are incongruent. Therefore, the two datasets were not
combined for further analysis. Relative nodal support for both
ITS and matK shortest trees was estimated by bootstrap and
Bremer support (decay) analyses (Felsenstein 1985; Bremer
1988). The boostrap analysis of 100 replicates was conducted
using the same parameters as above. The largest number of
trees that can be saved by PAUP 3.1.1 (32,767) was reached
at 60 replicates of bootstrap analysis for the matK sequence
data matrix. The Bremer support analysis was conducted fol-
lowing Eernisse and Kluge (1993). A skewness test (Hillis
and Heulsenbeck 1992) was performed in PAUP using 10,000
random trees to examine the structures of both ITS and matK
data matrices.

RESULTS

Rate and Pattern of Sequence Variation
ITS

The aligned ITS sequence data matrix with manual ad-
justment contains a total of 528 bp. Of the 528 bp, 256 bp
are from ITS-1 and 272 bp from ITS-2. Of the 528 sites, 239
(45.3%) are variable and 109 (20.6%) are potentially infor-
mative. Nucleotide composition of ITS sequences in Aesculus
and its sister groups is skewed to a high G-C content (66.8%
G-C vs. 33.2% A-T). The sequence divergence of ITS be-
tween species of Aesculus ranges from 0.040 to 0.2752, with
an average of 0.142 nucleotide substitutions per site. The g,;-
value from the skewness test (Hillis and Huelsenbeck 1992)
is —0.677978, indicating that the ITS data matrix contains
phylogenetic signal (P = 0.01).

matK

Only approximately two-thirds of the matK sequence was
obtained for all species in this study due to sequence diver-
gence between one of the primers, matK-2R (designed for
Paeonia), and the corresponding region of matK in Aesculus.

QIU-YUN XIANG ET AL.

The matK data matrix contains 1210 bp including 1150-bp
of the 5’ coding region of the gene and 60 bp from the trnK
intron flanking the 5’ end of matK. The aligned 5’ portion
of matK coding region has four gaps, and none is phylo-
gentically informative within Aesculus. Of the 1150-bp 5’
coding region of matK, 129 (11.2%) sites are variable with
a ratio of 1.37:1.00:1.31 (48:35:46) at three different codon
positions, similar to that found in Cornales (1.0:1.0:1.3; Xi-
ang etal. 1998). Of the 129 variable sites in the coding region,
45 (3.9%) are potentially phylogenetically informative. The
nucleotide composition of matK is, in contrast to the ITS
sequences, skewed to a high A-T content (66.9% A-T vs.
33.1% G-C), identical to that observed in Cornales (Xiang
et al. 1998). The sequence divergence of matK between spe-
cies of Aesculus ranges from 0.0019 to 0.0465, with an av-
erage of 0.0172 nucleotide substitutions per site. The g;-value
from skewness test (Hillis and Huelsenbeck, 1992) for the
matK-data matrix is —0.468539, indicating the matK data
matrix is also phylogenetically structured (P < 0.01).

Results of Phylogenetic Analyses

Parsimony analysis of the ITS sequence data found a single
minimum- length tree of 432 steps with a CI of 0.588 (ex-
cluding uninformative characters) and a RI of 0.619 (Fig. 2).
This shortest tree shows that the Chinese and Himalayan
species, A. chinensis, A. wilsonii, A. wangii, and A. indica,
form a strongly supported monophyletic group (supported by
13 base substitutions, a bootstrap value of 93%, and a Bremer
support value of 5 steps). This clade is the sister of the re-
mainder of the genus (17, 66%, 5). The Japanese species, A.
turbinata, is the sister of the European species, A. hippocas-
tanum, (22, 100%, 10); this group is, in turn, the sister of all
the North American species (16, 47%, 2). Within the North
American clade, the eastern North American species (ex-
cluding A. parviflora), A. glabra, A. flava, A. pavia, and A.
sylvatica, form a strongly supported monophyletic group (16,
96%, 6) that is sister to the Mexican species, A. parryi (14,
75%, 2). The Californian species, A. californica, and the
southeastern North American species, A. parviflora, are unit-
ed as sister species, but supported by a relatively low boot-
strap value (12, 38%, 2; Fig. 2).

Parsimony analyses of matK sequences found 80 shortest
trees, each of 176 steps with a CI of 0.612 (excluding un-
informative characters) and a RI of 0.663. All shortest matK
trees resolve two major clades, a New World clade and an
Old World clade that also includes the Californian species.
The southeastern North American species, A. parviflora, is
the sister of the remainder of the clade. The Mexican species,
A. parryi, is again the sister of the remainder of the eastern
North American species (Fig. 3) as in the ITS tree. Rela-
tionships within the eastern North American subclade and
within the Old World clade vary among shortest trees and
are poorly resolved in the strict-consensus tree. Most clades
identified by the matK trees are supported by low bootstrap
and Bremer support values (Fig. 3).

DiscussioN
Phylogenetic Relationships, Congruence, and Discordance
between Gene Trees

A comparison of Figures 1 and 2 reveals that the clades
found in the ITS tree correspond to the geographic distri-
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ITS 5(1) 1 A. glabra

2(1) | 66% T - A. flava
3

16(6) 32% 1_
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14| *5% 18
75% 16
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Sect. A
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-
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8
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66% 13(2) A. chinensis

81) | 78%
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E. Asia
A. wangii Sect. E
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A. indica

45 Billia (S. Amer.)

Outgroups
37 Hendeliodendron ] g P

(E. Asia)

Fig. 2. The single most-parsimonious tree resulting from analysis of internal transcribed spacer (ITS) sequences of Aesculus (432 steps, CI
= 0.588, RI = 0.610). Numbers above branches indicate number of nucleotide changes supporting the branch. Percentages are bootstrap values
(bootstrap values of branches below 50% are not given). Numbers in parentheses are Bremer support. E. N. Amer., eastern North America;
S. E. N. Amer,, southeastern North America; W. N. Amer., western North America; S. Amer., South America; and E. Asia, eastern Asia.
Letters indicate sections of Aesculus as in Figure 1.

A. pavia
3
matK 5% >|: A. flava-1 h

2(1) A. pavia-2
399% 1_ A glabra-1
A. glabra-2 Sect. A
A. sylvatica-1
A. flava-2

A. sylvatica-2 —
A. parryi Sect. B
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A. hippocastanum
. t. D
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72% L2— A. wangii
= Billia ] out
L Handeliodendron utgroups

Fic. 3. One of the 80 most-parsimonious trees resulting from analysis of matK sequences of Aesculus (176 steps, CI = 0.612, RI = 0.663).
Numbers above branches indicate number of nucleotide changes supporting the branches. Percentages are bootstrap values above 50%. Numbers
in parentheses are Bremer support. Arrows point to nodes that are not present in all most-parsimonious trees. Letters indicate sections of
Aesculus as in Figure 1.
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Fic. 4. Comparison between internal transcribed spacer (ITS) and matK strict consensus trees, showing the lineage sorting scenario that
explains the discordance between the ITS and matK trees. ‘A’ and ‘‘B’’ are hypothesized chloroplast haplotypes.

bution of species and the morphological groups recognized
by Hardin (1957a, 1960). Each of the five morphological
sections of Hardin are resolved as monophyletic groups in
the shortest ITS tree except for section Calothyrsus, in which
A. californica is united with the southeastern North American
species A. parviflora rather than the eastern Asian species of
the same section. Aesculus californica was placed with the
eastern Asian species in section Calothyrsus by Hardin main-
ly because it has resinous bud scales and a smooth fruit
surface like the other members of the section.

The eastern North American section Pavia, the Eurasian
section Aesculus, and the eastern Asian section Calothyrsus
(excluding A. californica) are all supported by high bootstrap
and Bremer indices (Fig. 2). Relationships among these sec-
tions are also well resolved in the ITS tree. The eastern Asian
species, section Calothyrsus, is the most basally divergent
taxon in the tree. Section Aesculus is the sister of all the
North American species. Within the North American clade,
section Parryana is sister to the eastern North American spe-
cies, sect. Pavia; the western North American species (A.
californica) and the Alabama-Georgia endemic species (A.
parviflora, Sect. Macrothyrsus) are united as sisters, but this
relationship is not strongly supported by the bootstrap anal-
ysis (Fig. 2).

Trees resulting from analyses of matK sequence data have
lower nodal support than the ITS trees as measured by boot-
strap and Bremer analyses (Fig. 3). However, despite the
relatively poor nodal support, groups identified by matK trees
are very similar to those shown on the ITS tree. There is also
a strong correlation between the clades found in the matK
trees and the geographic distributions of species (Fig. 3). The
low bootstrap values and Bremer support in the matK tree
may be an effect of low variability of the gene. The average
sequence divergence between species in matK is 8.3 times
lower than that in ITS (0.142 in ITS vs. 0.0172 in matK).
Lack of resolution of relationships within section Pavia may
be a result of frequent hybridzation among species in the
section (Hardin 1957b; DePamphilis and Wyatt 1989, 1990).

Differences between the ITS and matK shortest trees in-

volve the placements of A. hippocastanum, A. turbinata, and
A. californica (Fig. 4). The ITS tree shows section Aesculus
(A. turbinata and A. hippocastanum) as the sister of all of the
North American species and A. californica as the sister of
the southeastern North American species A. parviflora (Figs.
2, 4); the matK trees place all three species in the same clade
with all the eastern Asian species (Fig. 3, 4). This incongru-
ence between the ITS and matK trees is statistically signif-
icant according to the results from the Templeton test (1983).
If the ITS and matK trees represent the nuclear and chloro-
plast phylogenies of Aesculus, respectively, the discordance
between the two trees may imply that organellar lineage sort-
ing (extinction of organellar lineages following speciation
from a polymorphic ancestor) has occurred in Aesculus (Fig.
4). In this hypothesis we assume (1) that the matK sequence
represents the chloroplast haplotype, and (2) the ancestor of
Aesculus had a polymorphic chloroplast genome, with “A”
and “B” haplotypes. The “B” haplotype was subsequently
lost in all the Old World species as well as in A. californica,
and the *““A” haplotype was lost in all the New World species
(except in A. californica), resulting in the phylogenetic pat-
tern shown on the matK tree (Fig. 4). Alternately, it could
be hypothesized that the ‘““A™ chloroplast haplotype is the
ancestral state retained in all the Old World species. The
cpDNA of the ancestor giving rise to all New World species
diverged into the “B’’ type. The only problem with the latter
hypothesis is A. californica, which has the ‘‘Asian type’ or
“A” chloroplast genome (Fig. 4). There are two alternative
hypotheses to explain this discrepancy. One is that a reversal
occurred in A. californica. Only one or two mutations in the
matK sequence are required to put the species in the New
World clade (Fig. 3). The other hypothesis is that A. califor-
nica obtained the ‘““A” chloroplast genome from an Asian
species through hybridization, although this is difficult to
visualize given the present allopatric distribution of A. cal-
ifornica and the Asian species. We must emphasize that the
above hypotheses are based on the ITS and matK sequences
under the assumption that these data represent the nuclear
and chloroplast genomes of Aesculus.
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The strict consensus tree of the five most-parsimonious trees resulting from analysis of the combined internal transcribed spacer (ITS)

sequence and morphological dataset using branch-and-bound search (483 steps, CI = 0.574, RI = 0.624). Letters indicate sections of Aesculus

as in Figure 1.

The phylogenies of Aesculus derived from ITS and matK
sequence data disagree with that derived from analysis of
morphological characters using the ‘‘Groundplan” method
by Hardin (1957a; cf. Figs. 1-3). To gain insights into this
incongruence, parsimony analysis of an expanded morpho-
logical dataset of Hardin (1957a; with the addition of the Old
World species; containing the same 20 characters coded using
Billia as the outgroup) was conducted. Results of this analysis
suggested relationships within Aesculus similar to those sug-
gested by the ITS tree, except that A. californica appears
within the Old World clade. The morphological data and the
ITS sequences were then combined for further parsimony
analyses, with characters equally weighted. The phylogenetic
relationships within the genus suggested by this analysis are
nearly identical to those inferred from analysis of the ITS
sequences alone, except that there is less resolution among
the New World species and Section Aesculus (Fig. 5). These
results suggest that the discrepancy between the phylogeny
derived from the Wagner’s Groundplan method and that de-
rived from molecular data may be attributed to the nonpar-
simonious interpretation of the morphological data of the
Groundplan method.

Origin and Biogeography from a Phylogenetic Perspective

The oldest fossils of Aesculus are reported from north-
eastern Asia, Alaska, and the North Atlantic islands in the
Paleocene (~ 65 M.Y.B.P; Budantsev 1992; IOP/PFR on
ibs.uel.ac.uk/ibs; M. C. Boulter, pers. comm.). Younger ones
are reported from northeastern Asia, British Columbia, Ne-
vada, and north Atlantic islands in the Eocene; from Europe
and northwestern United States in the Oligocene; from east-

ern China, Japan, Washington state, and Europe in the Mio-
cene; from Japan, Europe, and the Pacific Northwest of North
America in the Pliocene; and from Europe in the Pleistocene
(Axelrod 1966; Leopold 1969; Wolfe 1969; BBI-NGPI 1978;
Rouse and Mathews 1979; Budantsev 1992; IOP/PFR on
ibs.uel.ac.uk/ibs; M. C. Boulter, pers. comm.). Fossil evi-
dence supports the hypothesis that Aesculus evolved at a high
latitude of the Northern Hemisphere in the Paleocene or ear-
lier, but it is not informative as to the continent on which the
genus originated.

To gain insights into the center of origin and biogeographic
history of Aesculus in a phylogenetic perspective, we em-
ployed character-state-reconstruction and a molecular clock
approach. These analyses are based on the assumption that
no lineage extinction occurred.

To infer the center of origin of Aesculus based on the ITS
phylogeny, we conducted character-state mapping using
MacClade 3.05 (Swofford and Maddison 1992; Maddison and
Maddison 1995). The geographic distributional areas of spe-
cies were considered as unordered character states and rep-
resented by different numbers (Fig. 6). A data matrix con-
taining this single character (the geographic area) was con-
structed. By choosing the “Tree Display Window” under
“Display”” on MacClade, a random tree was generated based
on this data matrix, which was then modified into the ITS
tree manually by dragging branches around. The ‘‘area’ char-
acter states were then optimized (mapped) onto the ITS to-
pology when choosing ‘‘Chasing Character’’ option. Trans-
formations of the character states were then inferred and dis-
played on the ITS tree (Fig. 6). This character-state mapping
exercise on the ITS tree, using either Billia or Handeliod-
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FIG. 6. Area-state reconstruction of Aesculus using MacClade 3.0. 1, eastern Asia; 2, Europe; 3, western North America; 4, eastern North
America; and 5, Central and South America. Numbers on nodes indicate the time of divergence M.Y.B.P.) between the two lineages on its
two sides estimated using internal transcribed spacer (ITS) clocks. Letters indicate sections of Aesculus as in Figure 1.

endron as the outgroup, both put the root node (or ancestor)
of Aesculus in eastern Asia (Fig. 6). This implies that the
genus evolved in eastern Asia and subsequently spread into
North America. However, the root node of the North Amer-
ican clade was indicated as ‘‘equivocal.’’ Thus, whether the
genus arrived first in western North America or in eastern
North America remains uncertain from the molecular phy-
logenetic perspective.

Molecular clocks are based on the neutral theory of mo-
lecular evolution and assume constant rates of nucleotide
substitutions across lineages. There is controversy regarding
the neutral theory and many studies have revealed hetero-
geneous rates of sequence evolution across lineages (Wilson
et al. 1990; Gaut et al. 1992, 1993, 1996; Brunsfeld et al.
1994; Xiang et al. 1998; see also Soltis and Soltis 1995), but
when the clock can be calibrated with some confidence, it is
still useful for estimating divergence times and for testing
contrasting biogeographic hypotheses when fossil evidence
is not available or inadequate (Parks and Wendel 1990; Cun-
ningham and Collins 1994; Savard et al. 1994; Wen and Jan-
sen 1995). Because the ITS and matK phylogenies for Aes-
culus are not congruent, the molecular-clock approach dis-
cussed below is applied to only the ITS phylogeny and the

ITS sequence data. Assuming a divergence time of 65
M.Y.B.P. (beginning of the Paleocene) between Aesculus and
its sister based on the fossil evidence, a rate of 1.722 * 0.21
X 1079 per site per year is obtained for ITS evolution, based
on a 0.2239 = 0.0276 sequence divergence value between
Aesculus and Billia. If a molecular clock exists for the ITS
of Aesculus, this rate can be used to estimate the divergence
times for geographically disjunct lineages and thus to gain
insights into the origins of disjunctions in the genus. The
divergence time between two lineages can be calculated by
dividing the sequence divergence value between the two lin-
eages by twice the rate of divergence (Li 1997).

To test the molecular-clock hypothesis in Aesculus, we per-
formed relative rate tests for ITS following the method of Li
(1997; pp. 216-221). Results show that rates of ITS evolution
do not significantly differ among lineages within Aesculus
and the molecular clock hypothesis cannot be rejected (Table
2). Using the ITS molecular clock, divergence times within
the genus are estimated at 51.3 * 6.37 M.Y.B.P. or earlier
(beginning of the Eocene) between the eastern Asian section
(Carothyrsus) and the remainder of the genus; at 47.5 * 5.89
M.Y.B.P. or earlier (middle Eocene) between the North Amer-
ican clade and its sister Eurasian species, secttion Aesculus;
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TABLE 2. Results of relative rate tests in internal transcribed spac-
ers of Aesculus. The rate of base substitutions in each lineage (K)
was estimated as the average number of total base substitutions per
site between each species constituting the lineage and Handelio-
dendron using the Jukes-Cantor distance method. A difference in
K between two lineages greater than twice the standard error is
considered significant at the 0.05 level (Li, 1997). 1, section Pavia;
2, A. parviflora-A. californica; 3, section Aesculus; 4, section Cal-
othyrsus.

K1 = 0.2056 * 0.02544 K1 - K2 = 0.02800 = 0.02425
K2 = 0.1776 * 0.02305 K1 - K3 = 0.00420 * 0.02497
K3 = 0.2014 = 0.02450 K1 - K4 = 0.02250 * 0.02462
K4 = 0.1831 = 0.02380 K2 - K3 = 0.02375 * 0.02380

K2 - K4 = 0.00550 * 0.02343

*
K3 - K4 = 0.01825 * 0.02415

at 43.4 = 540 M.Y.B.P. or earlier (late Eocene) between
section Pavia—A. parryi clade and the A. californica-A. par-
viflora clade; at 33.6 = 4.18 and 38.4 = 4.75 M.Y.B.P. or
earlier (beginning of Oligocene) between the eastern North
American section Pavia and A. parryi and between A. cali-
fornica and A. parviflora, respectively; at 15.5 = 1.93
M.Y.B.P. or earlier (middle Miocene) between the Japanese
species A. turbinata and the southeastern European species
A. hippocastanum (see Fig. 6). Although these values may
be subject to some uncertainties, they are well correlated with
the paleontological history of the Northern Hemisphere (see
below).

A brief examination of the paleontological history of the
Northern Hemisphere since the late Cretaceous helps to un-
derstand the biogeographic history of Aesculus. Paleontolog-
ical evidence indicates that during the late Cretaceous, the
Midcontinent Seaway of North America and the Asian Turgai
Strait divided the Laurasian landmass into two distinctive
provinces, the ‘‘Normapolles Province’’ of eastern North
America and Europe and the ‘“Aquillapollenites Province”
of the eastern Asia and western North America (Raven and
Axelrod 1974; Wolfe 1975; Tiffney 1985). The Midcontinent
Seaway of North America retreated during the end of Cre-
taceous and the Paleocene and disappeared by 60 M.Y.B.P,,
and the Asian Turgai Strait closed during the Oligocene (Tiff-
ney 1985). The regression of the Midcontinent Seaway oc-
curred concomitantly with the uplift of the Rocky Mountains.

According to fossil and palynological evidence, a wide
range of extant flowering plants first appeared during the
transition from the Cretaceous to Tertiary. The newly evolved
taxa spread rapidly over the Northern Hemisphere during the
temperate global climates of the early Tertiary, resulting in
the formation of a hemispheric ‘‘boreotropical flora” (Wolfe
1975, 1977). The early Eocene North Atlantic land bridge
and the Bering land bridge (connecting Alaska and Siberia
in the early Eocene and late Eocene) provided interconti-
nental land connections for the spreading of the boreotropical
flora between Eurasia and North America (Tiffney 1985).
Within the North American continent, spreading of the bor-
eotropical flora across the central portion of the continent
was possible until the early Oligocene, and within Eurasia
the connected islands in the Tethys Seaway (a marine system
that extended from southeastern Asia to westernmost Europe
that was disrupted about 60 M.Y.B.P.; Brown and Gibson
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1983) served as a main route for the spreading of the bor-
eotropical flora (Tiffney 1985). Most deciduous taxa of the
flora (now the boreal temperate taxa) were formed in vast
areas of Angaro-Beringia and went eastward through high-
latitude marginal sites of North America, Greenland, and
Spitsbergen at the end of Cretaceous—early Paleocene (Bu-
dantsev 1992).

A climatic deterioration (cooling) started at the Eocene-
Oligocene boundary and extended into the Oligocene, re-
sulting in the contraction of the boreotropical flora (Raven
and Axelrod 1974; Wolfe 1975; Tiffney 1985). Further sub-
sequent climatic fluctuation in the later Oligocene and Mio-
cene shaped the boreotropical flora into a “Mixed Meso-
phytic Forest” (Tiffney 1985). Extreme cooling of the climate
occurred in the later Tertiary and Quaternary, together with
the effect of the uplift of the Rocky Mountains, eliminated
elements of this mixed mesophytic forest from many areas.
The survivors of this forest are now found in a few ‘‘refugia”
including eastern Asia, southeastern Europe, eastern and
western North America, and western Asia (Graham 1972;
Leopold and McGinitie 1972; Wolfe 1975; Tiffney 1985).

Using the molecular phylogenetic reconstructions, the es-
timated divergence times between lineages, fossil evidence,
and the current geographic distributions of species (see Fig.
6), we suggest the following biogeographic hypotheses for
Aesculus. The genus evolved during the transition from Cre-
taceous to Tertiary at a high latitude of eastern Asia, as an
element of the boreotropical flora. Aesculus then diverged
into two lineages in the late Paleocene or at the beginning
of the Eocene (~51 M.Y.B.P; see Fig. 6). During the climatic
cooling period in the late Tertiary and Quaternary, one lin-
eage moved southward into the Himalayan region and sur-
vived in areas south of the Qinglin Mountain of China and
subsequently diverged into several species constituting sec-
tion Calothyrsus (excluding A. californica). The other lineage
expanded its range both eastward and westward. One part of
this lineage perhaps spread eastward circumpolarly into
North America and Europe. This lineage was isolated into
two parts, the Eurasian part and the North American part,
during the middle Eocene (~48 M.Y.B.P) when the Bering
land bridge and the North Atlantic bridge were both disrupted
(see Tiffney 1985). The continuous distribution of the Eur-
asian part was first interrupted around 15.5 million yr BP (or
in the middle Miocene) due to climatic cooling. This part of
the lineage was eventually eliminated during the late Tertiary
and Quaternary from most areas of the Eurasian continent
except those in southeastern Europe and Japan, which sur-
vived and diverged into two species (A. hippocastanum and
A. turbinata).

The North American part of this lineage diverged into two
groups (A. pavia—-A. flava--A. glabra-A. sylvatica-A. parryi
and A. californica-A. parviflora) in the middle Eocene (~43
M.Y.B.P) and expanded their range southward. The eastern
and western parts of these two groups were isolated in the
early Oligocene (34-38 M.Y.B.P) when the drought caused
by the eastern rain shadow cast by the Rocky Mountains made
the central portion of North America unable to support the
boreotropical taxa. This isolation resulted in the divergence
of the eastern and western species in each group (see Fig. 6;
Leopold and MacGinitie 1972; Tiffney 1985).
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In conclusion, the molecular data from ITS and matK iden-
tify groups in Aesculus that correspond to those recognized
by Hardin (1957a) using morphological characters with the
exception of section Calothyrsus, in which A. californica may
be misplaced. The phylogenies inferred from ITS and marK
sequence data are discordant with the phylogeny derived from
the Wagner Groundplan method (Hardin 1957a). The phy-
logeny inferred from ITS sequence data does not support the
biogeographic hypotheses proposed by either Hardin (1957a)
or Raven and Axelrod (1978) that the genus had an origin
in tropical America or North America.

The molecular data from ITS sequences and fossil evidence
suggest a north temperate eastern Asian origin for Aesculus
during the transition from Cretaceous to the Tertiary, when
it was an element of the boreotropical flora. Climatic and
geological changes in the Tertiary and Quaternary resulted
in the disjunct distribution of Aesculus observed today. The
disjunction between Eurasian and North American species
occurred first in the genus, and the disjunction between the
eastern and western North American species occurred before
the separation of the European and Japanese species. The
estimate of time of origin for the genus based on molecular
data and fossil evidence is close to the hypothesis of Hardin
(1957a) that Aesculus evolved in the early Tertiary or earlier.
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