
23

Jonathan M. EIBL
Department of Biology, Virginia Commonwealth University, 

Richmond, Virginia 23284, U.S.A.

Gregory M. PLUNKETT
Department of Biology, Virginia Commonwealth University, 

Richmond, Virginia 23284, U.S.A.
gmplunke@vcu.edu

Porter P. LOWRY II
Missouri Botanical Garden, P.O. Box 299, 

St. Louis, Missouri 63166-0299, U.S.A.
lowry@mobot.org

Laboratoire de Phanérogamie, Muséum national d’Histoire naturelle,
16 rue Buffon, 75005 Paris, France.

lowry@mnhn.fr

Evolution of Polyscias sect. 
Tieghemopanax (Araliaceae) based on 
nuclear and chloroplast DNA sequence data

ABSTRACT
Polyscias sect. Tieghemopanax comprises approximately 26 species almost
entirely endemic to New Caledonia. Three independent molecular markers
were used to infer phylogenetic relationships and evolutionary patterns within
the Tieghemopanax group, and to evaluate the status of a single highly variable
species, P. dioica. Sequence data from nuclear ribosomal ITS and 5S spacers
along with intron and spacer sequences from the plastid trnL-trnF region were
analyzed separately and in each possible combination of the three data sets.
Combined analyses provided topologies largely congruent with each of the
separate analyses but with increased resolution, higher bootstrap support, and
decreased computational time. The resulting cladograms confirm the
monophyly of section Tieghemopanax and suggest an allopatric or adaptive di-
vergence model of speciation in response to geography, elevation, and/or sub-
strate type for most species. In contrast, P. dioica may represent an assemblage
of once distinct but closely related species whose boundaries have recently bro-
ken down through hybridization and introgression. The results suggest that the
Tieghemopanax group originated and diversified on New Caledonia (23 spp.);
subsequent long-distance dispersal to other archipelagos resulted in the evolu-
tion of three local endemics (1 sp. each in Vanuatu, Fiji, and Australasia) and
the widespread distribution of P. cissodendron in the SW Pacific.
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INTRODUCTION

Araliaceae (the ginseng family) comprise about
50 genera and approximately 1,200-1,400 species
of vascular plants (MABBERLEY 1997; PLUNKETT

et al. 2001). Within this family, Polyscias J.R. Forst.
& G. Forst. (c. 130 spp.) and Schefflera J.R. Forst.
& G. Forst. (about 650 spp.) are the two largest
genera. In contrast to the pantropical distribution
of Schefflera, Polyscias (as currently circumscribed)
is restricted to the Old World tropics, from Africa
across the Indian Ocean to Malesia and Australia,
and thence across the islands of the south Pacific
as far east as Tahiti (BERNARDI 1971; PHILIPSON

1979; LOWRY 1989). BERNARDI (1979) hypothe-
sized that Malesia may have been the cradle of
araliad origin, and noted that New Caledonia has
more species per unit area than any other region
on earth — over 90 species in eight genera
(LOWRY unpubl.). Polyscias is well represented on

this southwest Pacific island, with 23 indigenous
species (all but one endemic) and four cultivated
species of Indo-Malesian origin (LOWRY in prep.).
The native species form a morphologically coher-
ent group (BERNARDI 1979), including trees or
shrubs with odd-pinnate leaves that lack sheath-
ing petioles, and leaflets that are opposite, sessile
to subsessile, entire or toothed, and pinnately
veined. Their flowers have (4-)5 petals, (4-)5 sta-
mens, (4-)5 anthers, 2-locular ovaries, 2 styles
(free or partially connate), and 2 carpels; they are
usually arranged in panicles of umbellules,
racemules or heads, or in compound dichasia.
These species have mostly an andromonoecious
(or less commonly dioecious) mating system
(SCHLESSMAN et al. 1990, 2001) and their fruits
are fleshy drupes that are strongly compressed lat-
erally (HUTCHINSON 1967; LOWRY 1989). The
uniformity of the indigenous New Caledonian
species of Polyscias led some authors to recognize
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RÉSUMÉ
Evolution de Polyscias sect. Tieghemopanax (Araliaceae) à partir de l’analyse de
l’ADN nucléaire et chloroplastique.
Polyscias sect. Tieghemopanax renferme environ 26 espèces presque toutes
endémiques de Nouvelle-Calédonie. Trois marqueurs moléculaires indépen-
dants ont été utilisés pour déduire les affinités et les modèles d’évolution au
sein du groupe Tieghemopanax, et pour évaluer le statut d’une espèce parti-
culièrement variable, P. dioica. Les séquences ITS et espaceur 5S de l’ADN
ribosomique nucléaire ainsi que les séquences de l’intron et de l’espaceur de la
région trnL-trnF de l’ADN chloroplastique ont été analysées séparément et
dans chacune des combinaisons possibles de ces trois ensembles de données.
Les topologies obtenues à partir des analyses combinées s’avèrent largement
congruentes avec celles de chacune des analyses individuelles mais avec une
meilleure résolution, des valeurs de bootstrap plus élevées et un temps de
calcul moindre. Les cladogrammes qui en résultent confirment la monophylie
de la section Tieghemopanax et suggèrent un modèle de spéciation allopa-
trique ou d’adaptation divergente, en liaison avec la géographie, l’altitude,
et/ou le type de substrat, pour la plupart des espèces. Au contraire, P. dioica
représenterait un ensemble d’espèces proches autrefois distinctes entres les-
quelles les barrières ont récemment disparu par hybridation et introgression.
Les résultats obtenus suggèrent que le groupe Tieghemopanax est originaire de
Nouvelle-Calédonie où il s’est diversifié (23 spp.) et qu’une dispersion ulté-
rieure à longue distance vers d’autres archipels a permis l’évolution de trois
endémiques locaux (une espèce au Vanuatu, une à Fiji et une en Australasie)
et d’une autre espèce (P. cissodendron) largement répandue dans le SW
Pacifique.



them as a distinct genus, Tieghemopanax R. Vig.
(VIGUIER 1905; GUILLAUMIN 1948), which also
includes several members in Fiji (SMITH &
STONE 1968; SMITH 1985), as well as Vanuatu
(formerly the New Hebrides) and a number of
other south Pacific islands (LOWRY et al. 1986;
LOWRY 1989). More recently, however,
Tieghemopanax has been treated as an informal
group or section within a more broadly defined
Polyscias (SMITH & STONE 1968; PHILIPSON

1978, 1979; BERNARDI 1979; SMITH 1985;
LOWRY 1989).

As originally defined, Polyscias included taxa
with pinnately compound leaves, 4-5 styles and
4-5 carpels (FORSTER & FORSTER 1776), with
P. pinnata J.R. Forst. & G. Forst. [= P. scutellaria
(Burm. f.) Fosb.] as the type species (see SMITH &
STONE 1968; LOWRY 1989). The original circum-
scription of Tieghemopanax and another genus,
Nothopanax Miq., included pinnate leaved
species having 2-3 carpellate ovaries (MIQUEL

1855, 1856; VIGUIER 1905). However, STONE

(1965a,b) placed Nothopanax in synonymy under
Polyscias and transferred several species of
Tieghemopanax from Vanuatu to Polyscias, sug-
gesting that the same might also be warranted for
the New Caledonian members of the genus.
More recently, species previously assigned to
Tieghemopanax have likewise been treated in a
broadly defined Polyscias following PHILIPSON’s
(1978, 1979) expanded circumscription (e.g.,
LOWRY et al. 1986; LOWRY 1989). A recent phy-
logenetic study by PLUNKETT et al. (2001) sug-
gested that this broadly defined Polyscias is
paraphyletic. The monophyly of species tradi-
tionally assigned to Tieghemopanax, however, was
affirmed. In light of this finding, it now seems
opportune to explore in more detail questions
regarding the evolution and diversification of
species belonging to the Tieghemopanax group.
Given its center of distribution in New
Caledonia, where most species are endemic,
Tieghemopanax represents a model for the study
of diversification on an island with a particularly
intriguing geological and botanical history.

The New Caledonian flora, with c. 3,250
native species of seed plants, exhibits remarkably
high levels of endemism both at the level of
species (c. 79%) and genus (~14% of the nearly

770 genera recorded) in an area of only about
17,000 km2 (MORAT 1993; LOWRY 1998;
MORAT et al. 2001). These include many relictual
taxa representing ancient Australasian lineages
present at the time New Caledonia separated
from Australia c. 74 MY ago (KROENKE 1996),
and others derived from more recent coloniza-
tions by long-distance dispersal. Evolution and
speciation have been driven in part by the
presence of highly selective ultramafic substrates
covering nearly 1/3 of the island (JAFFRÉ 1976;
MORAT et al. 1986; JAFFRÉ et al. 1987) and a
remarkable diversity of bioclimatic and ecological
conditions resulting in a wide range of vegetation
formations (MORAT 1993; LOWRY 1998), includ-
ing low elevation to montane rainforest (MORAT

et al. 1984), dry sclerophyllous forests on cal-
careous substrates (JAFFRÉ et al. 1993; MORAT et
al. 2001), and maquis vegetation (MORAT et al.
1986), a characteristic low, heath-like, sclerophyl-
lous formation largely restricted to ultramafics.
This unique combination of geological, climato-
logical, and ecological features makes New
Caledonia a “hotspot” for both paleo- and
neoendemics, and presents an ideal context for
studying evolutionary processes.

Based on evidence from molecular data
(nuclear Internal Transcribed Spacer-ITS) in con-
junction with present-day geographical distribu-
tions, PLUNKETT et al. (2001) speculated that an
early member of section Tieghemopanax may have
arrived in New Caledonia by long-distance dis-
persal from Australasia, and subsequently under-
gone broad radiation across the island. In
addition to confirming the monophyly of those
species of Polyscias traditionally assigned to
Tieghemopanax, the ITS study suggested that the
Australian endemic P. sambucifolia also belongs
within the Tieghemopanax clade and that a sec-
ond Australasian species, P. elegans, the sole mem-
ber of sect. Gelibia (Hutch.) Philipson, may be
sister to Tieghemopanax. These results pose inter-
esting questions regarding the origin, dispersal,
and radiation of section Tieghemopanax within
New Caledonia. For example, did the two
Australian species descend from the presumed
Australasian progenitor species of Tieghemo-
panax, or do they represent secondary dispersals
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back to Australia from New Caledonia? Similarly,
are the New Caledonian species descendents of a
single dispersal event from Australasia or multiple
dispersals? And how might the biophysical fea-
tures of New Caledonia (e.g., vegetation, climate,
elevation, edaphic conditions) have contributed
to speciation within the Tieghemopanax group
after the initial dispersal(s)? Unfortunately, ITS
data alone were not sufficient to resolve relation-
ships within the section. Given these limitations,
the present study has employed additional non-
coding sequences from the intron and intergenic
spacer of the plastid trnL-trnF region, and from
the non-transcribed spacer of nuclear 5S rDNA.
These markers were chosen because they accumu-
late mutations at a similar or more rapid rate than
ITS. Altogether, three data sets (with comparable
sampling) were assembled and analyzed, repre-
senting three independent (presumably unlinked)
markers, three types of non-coding sequences (an
intron, two transcribed spacers, and two non-
transcribed spacers), from two inheritance units
(nuclear and plastid DNA). The data sets were
analyzed, both separately and in combination, in
an effort to examine phylogenetic relationships
within the Tieghemopanax group.

Circumscriptions at and below the genus level
in most plant groups have in general been based
on traditional taxonomic methods, relying largely
on the comparison of morphological characters.
These methods have proven useful in delimiting
species within section Tieghemopanax, where
numerous straightforward morphological,
edaphic and/or geographical features are available
to distinguish the 26 currently recognized taxa
(some of which remain to be described; LOWRY

1989 and unpubl.). In applying this traditional
concept to Tieghemopanax, however, it has been
necessary to recognize one very broadly defined
species, P. dioica, which exhibits an unusually
high level of morphological variability and is dis-
tributed very widely within New Caledonia. As
currently circumscribed, P. dioica includes several
previously recognized species [e.g., P. pulchella
(Baill.) Harms, P. schlechteri Harms, P. simabae-
folia (R. Vig.) Harms, P. suborbicularis (Baill.)
Harms, Tieghemopanax nigrescens Pancher ex
R. Vig., and T. viguieri Däniker], but the corre-
sponding morphological types often appear to

grade into one another and frequently co-occur at
a give locality (LOWRY unpubl.). While the plants
now placed in P. dioica share several features that
readily allow them to be distinguished from other
members of the Tieghemopanax group, it is never-
theless unclear whether they represent a single
species with significant phenotypic variation or
perhaps several distinct taxa. Resolution of this
dilemma may be difficult in the absence of an
explicit phylogenetic framework to assess rela-
tionships within the Tieghemopanax clade and the
populations comprising P. dioica. 

Apart from this single, highly variable species,
the other members of section Tieghemopanax are
morphologically coherent and apparently com-
prise a series of discrete, well-defined species pairs
(or trios). Therefore, in using traditional taxo-
nomic approaches we must apply two very differ-
ent species definitions in section Tieghemopanax.
This may belie two distinct modes of evolution
and speciation in a single group of closely related
taxa. In such cases, a robust phylogenetic hypoth-
esis (especially one based on data independent of
the morphological treatments, such as molecular
data) can provide the needed framework for eval-
uating evolutionary patterns.

The distribution of section Tieghemopanax,
centered on New Caledonia, provides an ideal
opportunity to examine evolution on this intrigu-
ing island system, characterized by such extraor-
dinary levels of both paleo- and neoendemism.
To date, however, no detailed studies of this kind
have been completed. Thus, we hope that the
present paper will provide not merely a test of
speciation patterns in Polyscias, but perhaps also a
first step in evaluating evolutionary modes across
many of the endemic plant groups of New
Caledonia. The study reported here represents a
preliminary analysis to explore further the evolu-
tionary patterns found in New Caledonian
Polyscias. Specifically, we have used molecular
data to: (1) confirm the monophyly of section
Tieghemopanax; (2) elucidate phylogenetic rela-
tionships among the species within the section;
(3) infer evolutionary patterns (e.g., patterns of
speciation, biogeography, and morphological
character evolution) among these species; (4)
assess the phylogenetic status of plants now
assigned to the highly variable species P. dioica;
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and (5) consider additional taxa that may provide
further tests of evolutionary mechanisms in the
New Caledonian flora.

MATERIALS AND METHODS

Newly derived data sets were collected from
one nuclear marker (the 5S rDNA spacer) and
one chloroplast marker (trnL-trnF). In addition,
the previously published ITS data set of
PLUNKETT et al. (2001) was expanded by the
addition of seven new sequences. Leaf tissue was
collected from 29 accessions (representing 19 of
the 26 species of Tieghemopanax) and dried in sil-
ica gel or preserved in a CTAB/salt solution (see
Table 1). Total DNAs were extracted using the
CTAB method of DOYLE & DOYLE (1987) as
modified by SOLTIS et al. (1991) or the DNeasy
Plant Mini kit (QIAGEN Inc.). Oligonucleotide
primers were obtained on the basis of previously
published studies for ITS (WHITE et al. 1990;
DOWNIE & KATZ-DOWNIE 1996; WEN &
ZIMMER 1996), the 5S region (UDOVICIC et al.
1995) and trnL-trnF (TABERLET et al. 1991,
although their primer “f ”was modified as follows:
5´—AAC TGG TGA CAC GAG GAT TTT
CAG—3´). 

For the trnL-trnF and ITS regions, each PCR
reaction included 0.4 µL of unquantified tem-
plate DNA, 0.2 µL Taq DNA polymerase (QIA-
GEN), 5 µL 10X Taq buffer (supplied with
enzyme), 2 µL of 25 mM MgCl2, 2 µL DMSO,
1 µL of a 5 µM solution of each primer, 4 µL of
10 mM dNTPs and ultrapurified water to a final
volume of 50 µL. Temperature-cycler parameters
for the trnL-trnF regions were set at 94°C
(1 min.), 49°C (1 min.), and 72°C (2 min.) for
denaturing, annealing, and extension steps,
respectively (35 cycles). For ITS, 40 cycles were
used, each cycle including 94°C (30 sec.), 48°C
(1 min.), and 68°C (1 min.). In amplifications of
the 5S spacer, an identical PCR recipe was used
except that 8 µL of 10X buffer was added (rather
than 5 µL). In addition, temperature cycler para-
meters for the 5S amplifications were set at 93°C
(10 sec.), 60°C (10 sec.), and 72°C (12 sec.) for
denaturing, annealing, and extension steps,
respectively (31 cycles). These modifications of

PCR parameters for 5S preferentially amplified a
single repeat unit (rather than 2 or more units of
this tandemly repeated gene and its spacer), thus
eliminating the multiple-banding patterns
observed in early PCR trials (see also UDOVICIC

et al. 1995; HENEGARIU et al. 1997). PCR ampli-
cons were purified using the QIAquick PCR
cleanup kit or the agarose gel extraction kit (both
QIAGEN Inc.). For the 5S spacer, sequences
were obtained from complimentary strands using
just two sequence reactions. For the trnL-trnF
region, internal primers (trnL-trnF “d” and “e”)
were also necessary in most taxa to acquire com-
plete sequences. Internal primers (ITS 3 and ITS
5.8S) were also necessary to obtain complete ITS
sequences. Modified dideoxy-chain termination
sequences (SANGER 1977) were performed using
the BigDye Terminator cycle sequencing kit (PE
Applied Biosystems) according to the manufac-
turer’s instructions, followed by DyeEx Spin Kit
(QIAGEN) purification and electrophoresis on
an ABI Prism 377 automated sequencer. DNA
sequence data were assembled and edited using
the Sequencher (version 3.1) computer program
(GeneCodes Corp.).

Despite efforts to eliminate multiple bands in
5S rDNA amplicons, several accessions of Polyscias
dioica (e.g., Lowry 4771, 4800, 4804) and the
single accessions of P. elegans (Plunkett 1495),
P. cissodendron (Lowry 4749), and P. pancheri
(Lowry 4793) yielded two or more amplification
products. These bands did not express the typical
multiple repeat pattern observed prior to opti-
mization of PCR for 5S, suggesting the presence
of two or more 5S spacer size variants in these
samples. PCR products from two of these acces-
sions, P. dioica (Lowry 4804) and P. elegans
(Plunkett 1495), were separated in 2% TBE
agarose, excised, and gel-cleaned. Each band was
then cloned into the pCR2.1-TOPO vector
using the TOPO TA Cloning kit (Invitrogen
Corp.) and sequenced independently to deter-
mine sequence homology with 5S spacers from
other species. The remaining accessions in the
study, including all other P. dioica samples (Lowry
4647, 4712, 4713, 4781, and 5099), yielded sin-
gle-banded amplicons in PCR reactions targeting
the 5S spacer region, allowing for direct sequenc-
ing of the PCR products.
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Sequence alignments were derived manually.
Pairwise distances were calculated for each data set
with PAUP* (vers. 4; D. SWOFFORD, Smithsonian
Inst.) using the TAJIMA-NEI DNA distance algo-
rithm (TAJIMA & NEI 1984). Treating gaps as
missing data, the data sets were analyzed using
PAUP* by maximum parsimony (MP) to infer
phylogenetic relationships. Because our sampling
for each marker did not completely overlap, sepa-
rate analyses were first performed for each of the
three data sets. For the ITS data, we sampled
widely throughout Araliaceae, following the find-
ings of PLUNKETT et al. (2001) and WEN et al.
(2001) in choosing outgroups. An initial search
using 100 replicates (saving no more than 100 trees
per replicate) was conducted because preliminary
searches yielded many tens of thousands of most
parsimonious trees. The strict consensus tree
based on these 100 replicates was used as a topo-
logical constraint (saving only those trees not
agreeing with the constraint) for an additional
1,000 replicates, each of which was aborted if
more than 1,000 trees were found. After finding
no additional topologies of equal or shorter
length, the shortest trees resulting from the first
search were loaded as starting trees and swapped
to completion saving no more than 10,000 trees.
For both the trnL-trnF and 5S data sets, heuristic
searches (each with 100 random addition repli-
cates) were performed. Because the number of
most parsimonious trees recovered was relatively
low, it was unnecessary to limit the number of
trees saved. Outgroup selection for these two data
sets was based on results of the ITS analyses
(herein, PLUNKETT et al. 2001, and WEN et al.
2001).

Previous studies (e.g., OLMSTEAD & SWEERE

1994; SOLTIS et al. 1998) have found that analy-
ses of combined data sets can provide increased
phylogenetic signal, resulting in both higher
internal support (e.g., bootstrap percentages) and
decreased computer run times. However, treat-
ment of multiple data sets remains controversial
(see DE QUEIROZ et al. 1995; CANNATELLA et al.
1998). Biological sources of incongruence (e.g.,
non-dichotomous patterns of diversification, lin-
eage sorting of ancestral polymorphisms, and rate
heterogeneity in sequence evolution) are among
the potential problems that may produce mis-

leading results in phylogenetic analyses based on
combined matrices. Conversely, such incongru-
ence may also result from sampling error, either
among taxa or among characters. There is little
agreement in the literature regarding the best
methods of testing for congruence (reviewed in
JOHNSON & SOLTIS 1998), or even the basic cri-
terion that should be tested, although most work-
ers agree that a null hypothesis of congruence or
data homogeneity must be explicitly rejected
(e.g., BULL et al. 1993; MASON-GAMER &
KELLOGG 1996; JOHNSON & SOLTIS 1998). To
assess congruence, we constructed separate data
sets for each of the three markers using an identi-
cal set of 24 taxa (to eliminate taxon sampling
error). Each of these was analyzed separately and
in a single combined analysis. Congruence was
estimated using the incongruence test (IMF) of
MICKEVITCH & FARRIS (1981), calculated manu-
ally, and the partition homogeneity test of FARRIS

et al. (1995) as implemented in PAUP*. Results
from these tests (see below) suggest that the data
sets are combinable. Therefore, all pairwise com-
binations were assembled, maximizing taxon
sampling in each case. Combined data sets were
analyzed in the same manner as the separate
analyses of trnL-trnF and 5S.

Confidence in individual clades for all trees
was estimated using bootstrap analyses (100 repli-
cates, saving no more than 1,000 trees per repli-
cate) (FELSENSTEIN 1985). Fitness indices and
nucleotide compositions for each data set were
assessed using MacClade (MADDISON &
MADDISON 1992) and/or PAUP*. In addition,
distance analyses based on TAJIMA-NEI estima-
tions were used to determine relative levels of
variation among a representative sample of
sequences from the ITS, trnL-trnF, and 5S matrices.

RESULTS

Matrix comparisons
ITS sequence data represented the entire ITS1

and ITS2 non-coding regions and the intervening
5.8S coding region from 58 taxa. This matrix re-
quired approximately 41 alignment gaps and
comprised an aligned length of 666 bp, 363 of
which were constant, 109 variable in only one
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taxon, and 194 potentially informative (Table 2).
The trnL-trnF data matrix (40 taxa) represented
the entire length of both the trnL intron and the
trnL-trnF intergenic spacer (plus flanking se-
quences from the adjacent coding regions). These
sequences required approximately 27 alignment
gaps, resulting in an aligned length of 952 bp, 840
of which were constant, 56 variable in only
one taxon, and 56 potentially informative.
Representing the entire non-transcribed spacer
along with short flanking regions of the gene, the
5S rDNA matrix required approximately 17 gaps
to align the matrix of 26 sequences. After align-
ment, these sequences were 301 bp long, contain-
ing 199 constant characters, 51 characters variable
in only one taxon, and 51 characters potentially
informative for parsimony. Table 2 also provides
other metrics pertaining to the data sets and parsi-
mony trees (i.e., lengths of the shortest trees, val-
ues of the consistency and retention indices, and
nucleotide composition).

Rates of sequence evolution, based on TAJIMA-
NEI pairwise distances, were greatest in the ITS
data set, which contained the broadest sampling
of araliad taxa outside of the Tieghemopanax
group. Overall, the highest level of variation was
between sequences of the outgroup taxa
Mackinlaya macrosciadea and Myodocarpus crassi-
folius (38.2%). In the same data set, the greatest
variation among species currently assigned to the

genus Polyscias was 10.4% (between P. fruticosa
and P. fulva). Among the species of section
Tieghemopanax this value was 6.3% (between
P. sambucifolia and P. joskei). The lowest level of
sequence variation among all taxa in the ITS data
set was identity, found in two pairs of P. dioica
samples. In the trnL-trnF data set, the greatest
level of variation was 7.4% between sequences of
Myodocarpus crassifolius and Gastonia rodrigues-
iana. Across Polyscias, the greatest variation was
1.4% between P. fulva and P. joskei; within sec-
tion Tieghemopanax, this value was 1.3%,
between P. sambucifolia and P. joskei. Several pairs
of taxa both within and outside of section
Tieghemopanax shared values of identity. In the
5S spacer data set, the greatest overall levels of
variation were between P. fulva and P. “bracteata”1

(19.9%), and within section Tieghemopanax
between P. sambucifolia and P. “bracteata”
(13.7%). Four species pairs shared values of iden-
tity. Comparing only taxa found across all three
data sets (the same 24 taxa used for the congru-
ence tests), ITS sequences and 5S spacer sequen-
ces have evolved on average at rates 6.2 and
16.4 times greater (respectively) than trnL-trnF.
Although trnL-trnF provides few variable charac-
ters, they are highly consistent. For example, in

Polyscias sect. Tieghemopanax (Araliaceae)
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1. Names in quotation marks and indicated as “ined.” in Table 1 will
be published elsewhere. 

Table 2. — Comparisons among the data sets and most parsimonious (MP) trees presented in this study and corresponding to
Figs. 2-6. CI = consistency index, RI = retention index (CI calculated excluding uninformative characters).

ITS + ITS trnL-trnF 5S spacer ITS + ITS + trnL-trnF +
trnL-trnF + trnL-trnF 5S spacer 5S spacer
5S spacer

Figure no. 2 3 4 5 6a 6b 6c

Number of taxa 24 58 40 26 33 26 24

Number of characters
Total (incl. gaps) 1919 666 952 301 1618 967 1253
Constant 1666 363 840 199 1290 741 1123
Variable in only one taxon 149 109 56 51 149 133 68
Potentially informative 104 194 56 51 179 93 62
Nucleotide composition n/a 22/32/29/18 34/19/18/30 26/23/30/21 n/a n/a n/a

Cladogram measures
Number MP trees 1 >10,000 156 156 6 3 36
Length of MP trees 349 725 122 147 507 323 175
CI 0.666 0.518 0.938 0.744 0.647 0.682 0.765
RI 0.770 0.734 0.972 0.849 0.731 0.786 0.855
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the 24-taxon data set, there were only 12 parsi-
mony informative trnL-trnF characters, but only
one of these was homoplasious, yielding very
high consistency values for the resulting trees
(CI = 0.923, RI = 0.968). Thus, while at the
lower limit of the phylogenetic utility of trnL-
trnF, these data appear to make a significant
contribution to the present study.

Congruence, resolution, and bootstrap support
Tests for congruence among the three 24-taxon

data sets suggest that the data are homogeneous
and therefore combinable. For the three-matrix
comparison, the partition homogeneity test
(FARRIS et al. 1995) yielded a result of p = 0.22
(only values of p ≤ 0.05 indicate significant
heterogeneity). In pairwise comparisons of trnL-
trnF vs. ITS and trnL-trnF vs. 5S spacers, p = 1
(no heterogeneity). However, in the comparison
of the ITS versus 5S spacer data, results suggested
significant heterogeneity (p = 0.04). The incon-
gruence test of MICKEVITCH & FARRIS (1981)
also suggested no incongruence in pairwise com-
parisons of either nuclear set to the plastid data
set (IMF = 0 in both cases). Some incongruence
was found between the two nuclear sets, but this
was rather low (IMF = 12.7%). 

Although evidence for incongruence is equivo-
cal, we followed the protocol of BULL et al.
(1993) and SEELANAN et al. (1997) in an attempt
to investigate the sources of the possible incon-
gruence between the two nuclear data sets. The
most common biological source of incongruence
in plant groups is reticulate evolution involving
hybridization and/or polyploid speciation, result-
ing in the lateral transfer of genes or genomes.
Our results do suggest that reticulation may
explain at least in part the evolutionary origin of
Polyscias dioica, a finding supported by the
unusually broad morphological variability found
in this species. Examination of all cladograms,
however, indicates that possible reticulation
involving P. dioica is not the source of incongru-
ence in our data. In fact, all three separate analy-
ses (Fig. 1) agree in resolving a single clade
comprising all samples of P. dioica and the single
sample of P. cissodendron. Apart from P. dioica
(and P. cissodendron), evidence for reticulation in
section Tieghemopanax is likewise scant. 

We visually inspected the cladograms (Fig. 1)
to identify other potentially problematic taxa in
section Tieghemopanax. Only the placements of
P. microbotrys and P. sambucifolia differed
markedly from one analysis to another, but
removal of these taxa did not improve the parti-
tion homogeneity score. Although combining the
data sets based on the two nuclear markers may
seem imprudent, results from this analysis indi-
cate that incongruence between ITS and 5S spac-
ers is likely due to sampling error rather than an
underlying biological cause. Apart from poor res-
olution, examination of well-supported clades
(e.g., bootstrap = 70%) reveals no disagreement
among the separate trees (Fig. 1). When these
data sets are combined, a single most parsimo-
nious tree is recovered (identical in topology to
Fig. 2) in which all of the well-supported clades
are again resolved (with a single exception: a
minor re-arrangement of terminal taxa in the
clade labeled “A” in the 5S spacer tree; cf.
Figs. 1c, 2). In all but three cases, bootstrap sup-
port for these same clades is higher in the com-
bined tree than in the separate trees. Congruence
between ITS and 5S spacer matrices is further
supported by increases in two standard measures
of homoplasy, the consistency (CI) and retention
(RI) indices. For the separate (24-taxon) data
sets, the CI and RI were (respectively) 0.6 and
0.714 for ITS, and 0.556 and 0.664 for the 5S
spacers, but the combined (ITS + 5S spacer)
analysis yielded higher values (CI = 0.644, RI =
0.745), indicating lower levels of homoplasy.
Overall, these results suggest that the phyloge-
netic signal present in each of the separate data
sets is additive when combined, effectively reduc-
ing levels of random homoplasy or “background
noise” (see CHIPPENDALE & WIENS 1994;
OLMSTEAD & SWEERE 1994; MASON-GAMER &
KELLOGG 1996). Therefore, we present both sep-
arate and combined trees based on all available
data for a total evidence approach to assessing
relationships (KLUGE & WOLFE 1993).

Phylogenetic relationships
The 24-taxon data matrices (and their trees;

Fig. 1) were designed to test congruence among
the three separate data sets. Since these matrices
represented reductions of the full data sets in each
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the maximum limit of 10,000 trees was met, but
no topologies of equal or shorter length could be
found that did not agree with the strict consensus
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Fig. 2. — The single most parsimonious tree resulting from the combined analysis of ITS + trnL-trnF + 5S spacer sequences, based
on the identical 24-taxon sampling as used in Fig. 1; tree length = 349 steps; consistency index = 0.663; retention index = 0.770.
Values along nodes are bootstrap percentages; nodes with dashed branches have bootstraps below 70%. Identical or near identical
clades (labeled A-E) from Fig. 1 are also labeled, as is the placement of Polyscias sambucifolia and P. microbotrys (asterisks), as dis-
cussed in text. Outgroups indicated by “OG.”

case, we shall hereafter discuss only those results
that are based on the full data sets (Figs. 3-5) for
each separate analysis. In the analysis of ITS data,



tree, suggesting that this strict tree is a reasonable
estimation of all shortest length trees. For the
remaining analyses, fewer than 10,000 trees were
found, allowing all analyses to be completed
without tree limits. Analyses of the trnL-trnF and
5S matrices each yielded 156 most parsimonious
trees. The combined analyses of ITS + trnL-trnF,
ITS + 5S, and trnL-trnF + 5S yielded 6, 3, and
36 most parsimonious trees, respectively. In the
combined analyses of all three data sets, a single,
fully-resolved tree was found.

The strict consensus resulting from analysis of
ITS data (Fig. 3) includes a broad sampling
of species from throughout Araliaceae. This
tree depicts the same major clades recovered
by PLUNKETT et al. (2001), including the
Tieghemopanax, P. tennantii, Gastonia, P. fulva,
Arthrophyllum, Meryta, and Polyscias section
Polyscias groups, which together comprise the
“Polyscias sensu lato” clade. The recovery of most
of these same clades in the parsimony analysis of
the separate trnL-trnF data set helps to demon-
strate the congruence of ITS and trnL-trnF
topologies (see Figs. 3, 4). Congruence between
topologies based on all three separate analyses
(ITS, trnL-trnF, 5S) is evident in the recovery of
many identical or near identical clades, such as
the sister relationship between section
Tieghemopanax and Polyscias baretiana and
between the P. “lecardii”/P. “regalis” species pair,
among many others (Figs. 3-5). Other relation-
ships demonstrate the congruence (or at least an
absence of conflict) between these topologies
when polytomies are taken into consideration.
For example, the P. “scopoliae”/P. “veillonii”
species pair is well resolved in trees based on sepa-
rate trnL-trnF and 5S data (Figs. 4, 5); because
this relationship is left unresolved in the trees
based on ITS sequences (Fig. 3), the ITS data set
neither confirms nor refutes it.

Topologies resulting from the combined data
set (ITS + trnL-trnF; Fig. 6a) confirm the mono-
phyly of section Tieghemopanax, supported by a
bootstrap value of 63%. However, outgroup
sampling in this pairwise combined tree was
limited, and bootstrap values supporting the
monophyly of section Tieghemopanax in the sep-
arate trees are either lower (50% in the ITS tree;
Fig. 3) or the clade fails to resolve (trnL-trnF

tree, although the clade comprising Tieghe-
mopanax species + P. elegans is supported by a
bootstrap of 89%; Fig. 4). These trees also help
to confirm the paraphyly of Polyscias sensu lato
(PLUNKETT et al. 2001), with taxa from several
other genera appearing within the broad Polyscias
clade (Figs. 3, 4, 6a).

Banding patterns and sequence length varia-
tion in 5S spacer sequences of Tieghemopanax
accessions

Multiple-banding patterns of 5S PCR ampli-
cons were observed in several accessions of taxa
in the Tieghemopanax group, principally in some
(but not most) accessions of P. dioica (Lowry
4771, 4800, 4804) and a single accession each
of P. elegans (Plunkett 1495), P. cissodendron
(Lowry 4749), and P. pancheri (Lowry 4793).
The remaining Tieghemopanax accessions
(including all other P. dioica samples) yielded
only a single 5S PCR product. Individual bands
from P. dioica (Lowry 4804) and P. elegans
(Plunkett 1495) were gel-purified and cloned,
but attempts to sequence these cloned products
failed to produce clean sequence data. Therefore,
these samples were not included in any of the
phylogenetic analyses. Nevertheless, the resulting
“dirty” sequences were compared to all sequences
deposited in GenBank to assess their homology
to the 5S rDNA region. The highest scores
returned were in all cases for matches with
angiosperm 5S sequences (from the flanking
coding regions).

In general, length variability of 5S spacer
products was very high throughout Tieghe-
mopanax, ranging from ~220 bp to ~360 bp.
Thus, despite the difficulties in obtaining usable
sequence data from samples yielding multiple
PCR bands, a visual inspection and comparison
of these sizes may provide some insights. For
example, two of the bands in the triple-banded
products resulting from three P. dioica samples
(accessions Lowry 4771, 4800, and 4804) are
visually similar in size to the single-banded
amplicons resulting from other accessions of
P. dioica and several other species. The largest of
these bands (~350 bp) is similar in size to the
single band resulting from two P. dioica
accessions (Lowry 4712 and 4781) and from

Polyscias sect. Tieghemopanax (Araliaceae)

37ADANSONIA, sér. 3  •  2001  •  23 (1)



P. “jaffrei”, P. microbotrys, and P. “calophylla”
(inter alia). Similarly, the mid-sized band (~300
bp) in the same triple-banding accessions of P.
dioica is comparable in size to the single-banded
products of two different P. dioica accessions

(Lowry 4713 and 4647) and those of several
other species (P. scopoliae, P. “veillonii”, P. “dzu-
macensis”, P. “subincisa”, P. balansae, and P.
“bracteata”). This pattern may be explained by
several alternative mechanisms, but a scenario
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Fig. 3. — Strict consensus of 10,000 most parsimonious trees resulting from the analysis of 58 ITS sequences; tree length = 725
steps; consistency index = 0.518; retention index = 0.734. Clades denoted by brackets are those referred to in text. Values along
branches are bootstrap percentages. Placement of Polyscias elegans (discussed in text) is denoted by an asterisk. Labels for the
Tieghemopanax group and other clades in “Polyscias sensu lato” follow PLUNKETT et al. (2001). 



involving hybridization either among variable
P. dioica individuals or between P. dioica and
other members of section Tieghemopanax could
produce these results. Future work is needed to
address the issue more fully.

DISCUSSION

The monophyly of Polyscias sect. Tieghemopanax
was confirmed by the combined analysis of ITS +
trnL-trnF data (Fig. 6a; bootstrap 63%) and in

Polyscias sect. Tieghemopanax (Araliaceae)

39ADANSONIA, sér. 3  •  2001  •  23 (1)

Fig. 4. — Strict consensus of 156 most parsimonious trees resulting from the analysis of 40 trnL-trnF sequences; tree length = 122
steps; consistency index = 0.938; retention index = 0.972. Values along branches are bootstrap percentages. Placement of
Polyscias elegans (discussed in text) is denoted by an asterisk. Labels for the Tieghemopanax group and other clades in “Polyscias
sensu lato” follow PLUNKETT et al. (2001).



the ITS tree (Fig. 3; bootstrap 50%). In the
trnL-trnF tree (Fig. 4), the lineages of section
Tieghemopanax form a large polytomy with P. ele-
gans, supported by a bootstrap of 89%. Thus,
despite the paraphyly evident in Polyscias as a
whole, section Tieghemopanax appears to form a
monophyletic group that is both morphologically
and geographically coherent. The relationship
between these New Caledonian species and two
Australian taxa examined, P. elegans and P. sam-
bucifolia, are poorly resolved in the separate
analyses of ITS and trnL-trnF (Figs. 3, 4), but the
combined analysis of these two data sets (Fig. 6a)
provides a clearer picture of relationships and
affords important insights into the biogeographic
history of Tieghemopanax. Specifically, the
Australian P. elegans is sister to the entire
Tieghemopanax group, a result supported by a
bootstrap of 86%. This finding is mirrored in
many other major clades of Polyscias sensu lato
(e.g., the section Polyscias and Arthrophyllum
groups of PLUNKETT et al. 2001), and is consis-
tent with the idea that the entire genus Polyscias
originated in Australasia. Specifically, it seems
l ike l y  tha t  the  common ance s to r  o f
Tieghemopanax arrived in New Caledonia
through a single long-distance dispersal event
after the island’s separation from Australia.
However, because we have no reliable estimate for
the age of these lineages, we cannot rule out a
more ancient vicariance event. Multiple dispersals
from Australia are also conceivable, although this
scenario would be less parsimonious than either a
single dispersal or an ancient vicariance.

Within Tieghemopanax, only four taxa occur
outside New Caledonia. Three species (P. joskei,
P. schmidii, and P. sambucifolia) are found exclu-
sively in other nearby archipelagos, and the
fourth taxon, P. cissodendron, is native to New
Caledonia but is also found on islands both to
the north and south. Relationships among these
species and the New Caledonian endemics pro-
vide preliminary insights into the biogeographic
relationships within section Tieghemopanax.
Polyscias sambucifolia is endemic (but widely
ranging) in eastern Australia. Its placement in the
molecular trees is somewhat unstable (cf. Figs. 1-6),
and even in those cladograms where its position
is resolved, bootstrap support is very weak. Two

placements, however, recur in several trees: as
sister to all remaining members of section
Tieghemopanax (Figs. 1c, 5, 6c) or as sister to the
P. dioica + P. cissodendron clade (Figs. 1a, 2, 6a-b).
Two alternative scenarios can thus be invoked for
P. sambucifolia: either it represents an early
branching lineage of the Tieghemopanax clade
that remained in Australia (as did P. elegans), or it
arrived there through secondary long-distance
dispersal, most likely from New Caledonia.
Without a broader consensus, we are unable to
distinguish between these two hypotheses. For
the remaining species, however, our results pro-
vide a clearer picture. For example, P. cissoden-
dron, the most widespread member of the group,
ranges from the Santa Cruz islands (southern
Solomon Islands) in the north through several
islands of Vanuatu (Vanua-Lava, Espiritu Santo,
Erromanga, Tanna, and Aneityum) across New
Caledonia, and thence farther south to Lord
Howe Island (LOWRY 1989). Apart from New
Caledonia, which is continental in origin, all of
these are relatively young volcanic islands (less
than 30 MY old, and most younger than 7 MY
old; see MUELLER-DOMBOIS & FOSBERG 1998
and references therein). The age of these islands,
coupled with the position of P. cissodendron in the
molecular trees as sister to or nested within a
clade of the New Caledonian endemic P. dioica,
suggests a relatively recent series of dispersals
both north and south from New Caledonia to the
other islands.

The origin of the Fijian endemic P. joskei is
likewise probably the result of long-distance dis-
persal. Although the major islands of Viti Levu
and Vanua Levu, where this P. joskei occurs, have
been emergent for perhaps 30 MY, they have
never been in close proximity to New Caledonia.
The placement of P. joskei as sister to the New
Caledonian endemic clade of P. “lecardii” +
P. “regalis” (in all trees resolving the placement of
P. joskei; Figs. 1a, 2, 3, 6a-b), nested well within
the Teighemopanax group, can be explained only
by dispersal. Morphologically P. joskei closely
resembles P. “lecardii” and P. “regalis”, with which
it shares a number of distinctive characters. For
the last species, P. schmidii, we have no molecular
data. On the basis of its morphology, however, it
appears that this Vanuatu endemic is most closely
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related to P. “nitida” or P. “nothisii”, both
endemic to New Caledonia (LOWRY 1989), sug-
gesting a third independent dispersal from New
Caledonia to nearby island systems. Perhaps what
is most surprising is the apparent rarity of suc-
cessful dispersal events from New Caledonia to
other islands involving members of the
Tieghemopanax group. It appears that P. cissoden-
dron has experienced several independent
dispersals recently enough that there is little if
any morphological differentiation among the
widely distributed populations (LOWRY 1989).
Yet, this species has no apparent traits that might
suggest an increased capacity for dispersal as
compared to other members of section
Tieghemopanax. In-depth studies of both the phy-
logeny and natural history (e.g., identification of
animal dispersers and their migration patterns)
will be needed to address this issue.

In addition to broad-scale implications, the
molecular analyses also provide a unified picture of
relationships within section Tieghemopanax. In
particular, nearly every tree resolves a series of iden-
tical species pairs, each of which is also supported
by several morphological characters. Examination
of each species pair offers useful insights into the
morphological characters that unite and distin-
guish these species and the possible modes through
which speciation may have occurred.

The Polyscias “lecardii”/Polyscias “regalis”
species pair

This species pair is characterized by inflores-
cence features (flowers arranged in racemules)
and a very similar leaf morphology (ovate to sub-
orbicular, subcoriaceous leaflets having thickened
margins). Leaflets of both species typically turn a
distinctive orange-brown color when dried.
Polyscias “lecardii”, however, has glabrous ovaries,
calyces that form a low crown or rim, and flowers
with distinct short pedicels, whereas P. “regalis”
has densely puberulent ovaries, calyces with five
irregular, scarious, laciniate teeth, and sessile
flowers. The sister-group relationship between
P. “lecardii” and P. “regalis” is well resolved in
each of the seven analyses, with bootstrap support
ranging from 63-100% (Figs. 2-6). Bootstrap val-
ues from 94-100% were found in the separate

ITS analysis and in three of the combined analy-
ses (Figs. 2, 3, 6a-b). These two species occur in
geographically disjunct regions (separated by c.
80-100 km). Populations of P. “lecardii” grow on
non-ultramafic substrates in several parts of New
Caledonia at middle to high elevations (600-
1000 m). Conversely, P. “regalis” populations are
known from only two locations very near one
another (i.e., Plateau de Dogny and Koindé, both
in south central New Caledonia), also occurring
on non-ultramafic soils. In analyses including
ITS data (Figs. 1a, 2, 3, 6a-b), P. joskei from Fiji is
sister to the P. “lecardii”/ P. “regalis” species pair.
Although bootstrap support for this relationships
is generally low (65% or lower), P. joskei shares
most of the distinctive features mentioned above.
It closely resembles P. “lecardii”, but can be dis-
tinguished by its thinner, membranaceous leaflets
with more distinct venation, stouter secondary
inflorescence axes, and styles that are longer in
fruit.

The Polyscias “scopoliae”/Polyscias “veillonii”
species pair

These species share several features, including a
dioecious mating system, young inflorescences
surrounded by large, caducous, cataphyll-like
bracts, leaflets that are nearly succulent (obscur-
ing venation on the adaxial surface), sparse
branching, and similar stature (up to 4 m high).
Polyscias “scopoliae”, however, has unifoliolate
leaves, whereas those of P. “veillonii” are three to
seven foliolate. Bootstrap values ranging from 83-
100% (Figs. 2, 4, 5, 6a-c) offer significant support
for the sister relationship between P. “scopoliae”
and P. “veillonii”. The species in this pair are dis-
tinctly isolated for each other, with P. “scopoliae”
restricted to dry, low elevation maquis vegetation
on ultramafic substrates of the lower Tontouta
and Dumbéa river valleys and on Mt. Dzumac
(elevations up to c. 350 m). Polyscias “veillonii”
also occurs on ultramafics, but ranges from 500-
1,300 m elevation in more mesic conditions on
several mountains (e.g., Mt. Humboldt, Mt.
Dzumac, Montagne des Sources, Mt. Mou, and
Prokoméo), with one population at 250 m in
the upper Yaté area. The valleys where P. “scopo-
liae” occurs are situated just below the mountain
slopes on which populations of P. “veillonii” are
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found, separated in some cases by just a few kilo-
meters. Despite their geographical proximity,
these two species are clearly distinguished by ele-
vation (low vs. high), ecology (dry vs. more mesic
conditions) and morphology (unifoliolate vs. 
5- to 7-foliolate leaves).

The Polyscias “bracteata”/Polyscias “subincisa”
species pair

Both of these taxa are characterized by flowers
borne in heads and inflorescences with small, per-
sistent bracts. Polyscias “bracteata” can be distin-
guished by its hermaphroditic flowers, dense,
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Fig. 5. — Strict consensus of 156 most parsimonious trees resulting from the analysis of 26 5S spacer sequences; tree length = 147
steps; consistency index = 0.744; retention index = 0.849. Values along branches are bootstrap percentages.



spherical heads with (15-)20-30 flowers, stout
peduncles, and large leaves with only two leaflets
per node along the rachis, whereas P. “subincisa”
has a dioecious mating system, open, hemispheri-
cal heads with 5-10(-12) flowers, slender pedun-
cles, and smaller leaves that often have reduced
secondary leaflets at each rachis node. The sister-
group relationship of these species is resolved
only in trees based on the separate 5S analysis and
three of the four combined analyses (ITS + 5S,
trnL-trnF + 5S, and ITS + trnL-trnF + 5S), but
bootstrap support in these trees was 100% in all
cases (Figs. 2, 5, 6b-c). Polyscias “bracteata” is
widespread in maquis vegetation and disturbed
forest and forest edges, occurring mostly on ultra-
mafic substrates, although it is also known to
occur on various other substrates in the north-
eastern part of New Caledonia and in the adja-
cent Loyalty Islands from low to fairly high
elevations (up to 1000 m). Also found in maquis,
P. “subincisa” grows mostly on ultramafic sub-
strates but is concentrated in the northwestern
region of the island. Like P. “bracteata,” P. “subin-
cisa” can also occur on other substrates, but is
limited to elevations below 200 m. These species
share little or no range overlap. 

The Polyscias “crenata”/Polyscias “nothisii”
species pair

Both species in this pair are dioecious and
share several morphological characters such as
densely puberulent inflorescences and large leaves
with numerous thin leaflets. In addition, individ-
uals of these species are branched trees (5-8 m
tall) with similar overall habits. Polyscias “crenata”
differs in having puberulent petioles, sessile
female flowers, and sub-ovoid fruits that are ellip-
tical in cross-section, whereas P. “nothisii” has
glabrous petioles, female flowers that are dis-
tinctly pedicellate, and fruits that are strongly
flattened laterally. The sister relationship between
P. “crenata” and P. “nothisii” is well supported in
all strict trees (Figs. 2, 3, 5, 6) except that of the
trnL-trnF data (Fig. 4). Bootstrap values ranged
from 95-100%. Polyscias “crenata” is known to
occur in sclerophyllous and transition forests in
western New Caledonia on calcareous substrates
at elevations ranging from sea level to 500 m.
Polyscias “nothisii” has a similar ecological range,

but it is known from only 3 localities at low
elevation (less than 50 m) in western New
Caledonia.

The Polyscias balansae/Polyscias “jaffrei” spe-
cies pair

Shared features between these species include
their habit (monocaulous to sparsely branched
treelets 1-2 m tall), a dioecious mating system,
and similar leaf morphology (subcoriaceous
leaflets that are ovate to sub-orbicular in shape).
Polyscias balansae differs in having hermaphro-
ditic flowers in umbellules and male flowers that
are 5-merous, whereas P. “jaffrei” has herma-
phroditic flowers in racemules and male flowers
that are 4-merous. The sister-group relationship
between these species is well resolved in only two
strict trees (Figs. 3, 6a) with only moderate boot-
strap support (63% in both cases). In other trees,
these species come out together but in larger
clades of five taxa. These species are geographi-
cally disjunct, with P. balansae occurring just to
the south of the southern limit of P. “jaffrei”.

The Polyscias dioica/Polyscias cissodendron
species pair

These two species share a dioecious mating sys-
tem, flowers in umbellules, fruits that are 2-5 mm
long, slender pedicels 0.4-0.7 mm long, calyces
that form a low crown or rim, and inflorescence
bracts 1-4 mm long. Polyscias dioica differs in
having coriaceous to subcoriaceous leaves, entire
to coarsely dentate and often minutely revolute
leaflet margins, persistent inflorescence bracts,
fruits (3.5-)4-5 mm long, and styles of female
flowers and fruits united for less than half their
length, whereas P. cissodendron has papyraceous
leaves, coarsely crenulate leaflet margins,
caducous inflorescence bracts, fruits 2-3(-3.3)
mm long, and styles of female flowers and fruits
united for more than half of their length. The
relationship between P. dioica and P. cissodendron
is supported by all strict trees, with bootstrap val-
ues between 64% and 99% (Figs. 2-6). Some
trees show a sister-group relationship between
the two species (Figs. 3, 6a) whereas others nest
P. cissodendron within the P. dioica clade (Figs. 2,
5, 6b-c). These species are again largely separated
geographically, but this separation is due primar-
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ily to edaphic constraints. Polyscias dioica is wide-
spread across the island (except in the northeast-
ern regions) but occurs almost exclusively on
ultramafic substrates at low to high elevation. In
contrast, P. cissodendron is restricted to non-ultra-
mafic substrates in the northeastern and north-
central regions of New Caledonia at elevations
ranging from sea level to 750 m. As noted above,
P. cissodendron is the only New Caledonian mem-
ber of the Tieghemopanax group that is not
endemic, with populations occurring in the
southern Solomon Islands and Vanuatu to the
north, and on Lord Howe Island to the south
(LOWRY et al. 1986; LOWRY 1989).

Each of the species pairs described above
exhibits one or more characteristics pointing
either to an allopatric (MAYR 1963) or adaptive
divergence (TEMPLETON 1981) model of specia-
tion. In each pair, both molecular and morpho-
logical features help to confirm a common
ancestry. Several different forms of geographic
isolation, however, are evident in these pairs. For
example, P. “lecardii” and P. “regalis” are sepa-
rated both geographically and edaphically.
Polyscias dioica and P. cissodendron are geographi-
cally sympatric (or at least parapatric) in north-
central New Caledonia, but are separated
primarily on the basis of edaphic conditions.
Both P. “scopoliae” and P. “veillonii” have nearly
identical geographic distributions (the southern
region of New Caledonia) and soil requirements,
but occur at different elevations with little or no
overlap. Three other species pairs, P. “bracteata”/
P. “ subincisa”, P. “crenata”/ P. “nothisii”, and
P. balansae/P. “jaffrei”, are geographically disjunct.
In general, therefore, a paradigm involving isola-
tion and divergence appears to be the predomi-
nant mode of speciation within section
Tieghemopanax, and this pattern may reflect a
more generalized syndrome for many taxa in the
New Caledonian flora. In contrast, the striking
morphological variability and widespread distrib-
ution of P. dioica, in conjunction with the multi-
ple banding patterns and length variation
observed in the 5S PCR amplicons, seem to sug-
gest an alternative mode of speciation for this
problematic taxon.

Possible evolutionary scenarios in Polyscias
dioica

The multiple banding patterns evident in the
PCR products of the 5S region from several
accessions of P. dioica suggest that this morpho-
logically variable species also exhibits consider-
able heterogeneity in the length and copy
number of the 5S repeat unit. Simple assessment
of the sizes of 5S spacer PCR products from
10 accessions of P. dioica and from other species
illustrates the great length variability of this
sequence across the species of section
Tieghemopanax (see Results). Among the samples
of P. dioica, both single and triple banded PCR
products were found; a similar result (data not
discussed here) was observed in amplifications of
the trnL-trnF marker in P. dioica, where both sin-
gle- and double-banded amplicons were seen
among different accessions. In both cases, multi-
ple bands may have resulted from non-specific
amplification of an independent sequence. In at
least one case (P. dioica, Lowry 4804), however,
homology of each of the three bands has been
established with 5S coding-region sequences
from other angiosperm taxa. This suggests that
multiple (possibly unlinked) copies of the 5S
region may be present in some (but not all) indi-
viduals of P. dioica.

This result may be explained by several alterna-
tive hypotheses, including gene duplication, het-
erogeneity among repeat units at the same locus,
or hybridization among different genotypes of
P. dioica (or alternatively between P. dioica and
other species). Given the information presented
herein (and also in EIBL 2000), we speculate that
hybridization is the most likely explanation. First,
two of the three size variants found among some
accessions of P. dioica are of similar size to those
found in single banded accessions (of both
P. dioica and other species). It is relatively easy to
envision an additive pattern resulting from such a
hybridization (although this does not explain the
smallest product of ~200 bp, which was found in
none the single-banded accessions). Secondly,
P. dioica exhibits levels of morphological variation
and a geographic range far exceeding those of
other species in section Tieghemopanax, a result
confirmed by recent morphometric analysis of
the group (EIBL 2000; EIBL et al. subm.). Polyscias
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dioica may thus represent the remnants of a com-
plex of closely related species that were once mor-
phologically and perhaps geographically and
ecologically distinct, but which have relatively
recently experienced a breakdown in reproductive
barriers leading to hybridization and the resulting
pattern of morphological variability seen today. A
thorough population-level sampling of genetic
markers capable of discriminating among these
alternative explanations is required to test this
scenario. It is clear, however, that the general
mode of divergent speciation so evident among
other members of section Tieghemopanax is not at
work in P. dioica. Because of its geographic distri-
bution and the variety of its diversification pat-
terns, Tieghemopanax appears to represent a
model system for evaluating modes of speciation
in New Caledonia. Future studies are currently
underway to take advantage of these opportuni-
ties and to examine several potentially parallel
cases in genera of other families.
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