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Leea, sometimes treated as the monogeneric family Leeaceae, is sister to the rest of the grape family, Vitaceae, but
its systematics is poorly known. Phylogenetic relationships in Leea were reconstructed with parsimony and
Bayesian methods using nuclear ribosomal sequences to assess species circumscriptions, morphological evolution
and biogeography. The internal transcribed spacer secondary structure model for Leea facilitated homology
assessments during sequence alignment. Nine morphological characters were mapped onto the phylogenetic tree.
Four major clades in Leea were supported, with L. asiatica s.l. (=clade I) as the earliest diverging clade and having
plesiomorphic free stamens. Clade II, which includes the prickle-bearing species, is sister to clade III, which
includes species with comparatively large flowers. Clade IV, sister to clade II+1III, was resolved into four
subclades. Each subclade included accessions of L. indica and L. guineensis intermixed with six other morpho-
logically distinct species, showing the polyphyly of these two species as currently circumscribed. Flower colour,
previously used to characterize species, was shown to be unreliable for species identification. Dating analyses
estimated that Leea originated in Indochina in the Late Cretaceous (65-86.19 Mya, 95% highest posterior density).
The members of the major clades later spread to India, Africa, Madagascar, South-East (SE) Asia and tropical
Australasia. Major species diversification occurred in the Neogene, when dynamic environmental and geological
changes in SE Asia presented new ecological niches. © 2012 The Linnean Society of London, Botanical Journal
of the Linnean Society, 2013, 171, 354-375.
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logical evolution — Old World tropics — phylogeny — secondary structure — species complex — taxonomy — Vitales.

INTRODUCTION

Leea D.Royen ex L. is sister to the remainder of the
grape family, Vitaceae, which includes one of the most
economically important fruit crops in the world, Vitis
vinifera L. (Chase et al., 1993; Ingrouille et al., 2002),
but the systematics and evolutionary history of Leea
are poorly known. This is especially unfortunate as
this tropical genus has been used ethnobotanically for

its cardiac, analgesic and tuberculostatic properties,
areas that need further research (Op de Beck et al.,
1998, 2003). Leea was formally described by Linnaeus
(1767), with the type species as L. aequata L. desig-
nated by Ridsdale (1974).

Leea has previously been associated with Rham-
nales (Cronquist, 1981), but this has been refuted
based on molecular evidence, which showed it to be
closest to Vitaceae s.s. (Chase et al., 1993; Ingrouille
et al., 2002). The familial assignment of Leea has
been contentious, being included in Vitaceae (APG,
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1998; APG II, 2003; APG III, 2009; Ingrouille et al.,
2002) or placed into its own monogeneric family, Lee-
aceae (Planchon, 1887; Nair, 1968; Ridsdale, 1974,
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Figure 1. Variations in stipule morphology of Philippine Leea (scale, 1cm). A, stipule of L. manillensis enclosing
developing leaves. B, Leea aculeata, wing-type. C, Leea sp. 2, obovate type. D, Leea cumingii, obovate type. E, Leea
philippinensis, wing-type (top); stipule scar length to petiole length ratio (SC/PT, bottom). Photo credit: J.M.

1976; Latiff, 2001; Wen, 2007a, b). In the Angiosperm
Phylogeny Group (APG) system (APG, 1998; APG II,
2003; APG III, 2009) it was treated as the sole genus
in subfamily Leeoideae Burmeister of Vitaceae, with
the rest of the 14 genera of Vitaceae placed in sub-
family Viticoideae Eaton. Leea and Vitaceae s.s. form
the order Vitales, which until now has had an
ambivalent position in the tree of life, switching alli-
ances between Caryophyllales (Chase et al., 1993),
Saxifragaceae (Savolainen et al., 2000), Dilleniaceae
(Hilu et al., 2003) and the rosids (Soltis et al., 2003;
Jansen et al., 2006).

The inclusion of Leea in Vitaceae has been justi-
fied based on its possession of pearl glands, raphi-
des, shared corolla-stamen primordia and phloem
plastids similar to other Vitaceae (APG, 1998; APG
II, 2003; APG III, 2009). However, unlike members
of Vitaceae s.s., Leea spp. do not form tendrils and
are erect herbs, shrubs and trees (not climbing
vines) with terminal inflorescences and characteris-
tically large stipular structures (Fig. 1; Ridsdale,
1974, 1976). Flowers of Leea also possess ovaries
with secondary septa and a distinct elaborate
floral disc (i.e. floral tube not derived from corolla
lobes) capped by connate stamens (Ridsdale, 1976;
Wen, 2007a, b). The anthers detach as a coherent
unit along with the filaments during anthesis
(Gerrath, Lacroix & Posluszny, 1990; Molina, 2009).
On the basis of these morphological differences,
we prefer the continued segregation of Leea into its
own family, Leeaceae, as originally described by
Dumortier (1829).

Leea spp. grow in dry deciduous forests, open grass-
lands, and montane or lowland rainforests through-
out the Old World tropics from Africa to Asia, north-
eastern Australia, New Guinea and islands of the
Pacific (Fiji, Solomon Islands, Caroline Islands), but
are most diverse in Indomalaya, including India,
Indochina (i.e. Cambodia, Laos, Myanmar, Thailand
and Vietnam), tropical China (i.e. Guangdong,
Guangxi, Yunnan and Hainan provinces) and Malesia
(i.e. Brunei, Indonesia, East Timor, Malaysia, New
Guinea, Philippines, Singapore). Ridsdale’s (1974,
1976) revisions listed 34 Leea spp. due to his broad
species concept, but Li (1998) reported as many as
153 species. Clarke (1881) recognized 29 species from
India. However, Clarke himself admitted that he had
‘little confidence in the limits of any (species), except
the Bengal ones’ (Clarke, 1881: 100). He also split the
genus into two series: the red-flowered Rubriflorae
and the green-flowered Viridiflorae. This subgeneric
classification was not adopted by Ridsdale (1976: 756)
in the most comprehensive monograph of the genus,
as he found it ‘unreliable’. In his revision of Malesian
species, Ridsdale (1976) combined overlapping and
polymorphic morphologies, ranging from glabrous,
small-leaved (c. 30 mm long) forms to pubescent,
large-leaved morphs (c. 300 mm long) into species
complexes that encompassed vast geographical distri-
butions, e.g. the red-flowered Leea guineensis G.Don
and the usually white-flowered L. indica (Burm.f.)
Merr.

Morphological characters that have been used in
the past for taxonomic diagnosis need to be evaluated
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based on the molecular phylogenetic data to under-
stand character evolution in Leea. Ridsdale (1974,
1976) adopted broad species concepts for both
L. indica and L. guineensis, considering overlapping
vegetative forms in each species complex defined
solely by flower colour. This difficulty in delimiting
morphospecies may be due to either true cryptic evo-
lution (i.e. speciation not accompanied by morphologi-
cal change, Bickford et al., 2007) or failure to identify
subtle interspecific morphological differences. As
Ridsdale based his revisionary work largely on her-
barium specimens, which are often incomplete rela-
tive to the live source plant, it is not unlikely that he
missed pertinent taxonomic features that would have
otherwise helped distinguish Leea spp. However,
morphostasis has also been reported in many other
Palaeotropical plant taxa such as Aglaia Lour.
(Meliaceae), Diospyros L. (Ebenaceae, Pannell &
White, 1988), and Macaranga Thouars and Mallotus
Lour. (Euphorbiaceae, Kulju et al., 2007), so some
Leea spp. may just be truly cryptic. An overwhelming
amount of taxonomically frustrating transitional
forms exist in plants from the geologically complex
and spatially fragmented Malesian region (Hall,
1998; Morley, 1998, 2000; Woodruff, 2003), which has
provided not only a wide range of opportunities for
speciation, but also the breakdown of incipient spe-
ciation, potentially giving rise to hybrids with inter-
mediate morphologies.

Until now, no phylogenetic study has focused on
Leea. The aim of this project was to elucidate
the evolutionary relationships in Leea using molecu-
lar markers [internal transcribed spacer (ITS),
5S-nontranscribed spacer region (NTS)]. The phylo-
genetic framework and sampling allow for the evalu-
ation of taxon delimitations, even more so when
supplemented with morphological data, and also help
to develop biogeographical hypotheses on the diversi-
fication of Leea across the Old World tropics.

MATERIALS AND METHODS
TAXON SAMPLING

Ninety accessions from 22 Leea spp. representing the
morphological and geographical diversity of the genus
were sampled (Table 1). Five accessions from Vitaceae
s.s. (five species), one from Dilleniaceae (one species)
and one from Saxifragaceae (one species) were used
as outgroups (Table 1). Leaf material for DNA extrac-
tion was either obtained from herbarium specimens
when permission was granted by the lending institu-
tion or from silica-dried material collected by us or
donated by colleagues (U. Ferreras, L. Co and S. Yap)
and botanic gardens (Ecology and Evolutionary
Biology Plant Growth Facilities, University of Con-

necticut; Botanical Garden, University of Copenha-
gen; Denver Botanic Garden; and Singapore Botanic
Garden). Repeated DNA extraction efforts on her-
barium specimens of L. alata Edgew., L. grandifolia
Kurz, L. simplicifolia Zoll. & Moritzi, L. tetramera
Burtt and L. thorelii Gagnep. were unsuccessful and
sequences were not obtained from these species.
Destructive sampling from the few available speci-
mens of L. tinctoria Baker and L. unifoliata Merr.
was prohibited by their source institutions. Leea cur-
tisit King, L. krukoffiana Ridsdale, L. saxatilis Ridl.
and L. smithii Koord. were not sampled due to una-
vailability of material.

DNA EXTRACTION, AMPLIFICATION AND SEQUENCING

DNA was extracted following a modified CTAB protocol
used for Vitaceae (Soejima & Wen, 2006). DNA samples
were then air-dried and maintained in 1 x TE buffer
at —20 °C for short-term storage. As the entire ITS
region, which is > 700 bp long, could not be success-
fully amplified, primer pairs for each of its shorter
spacers (<300 bp) were designed: P79 (forward:
AAGGATCATTGTCGARCCYGCA) and P80 (reverse:
AGATATCCGTTGCCGAGAGTC) for ITS1, and P81
(forward: ACGACTCTCGGCAACGGATATCT) and
P82 (reverse: ATGCTTAAAC-TCAGCGGGTGTTCC)
for ITS2. 5S-NTS was amplified using a nested
PCR approach, initially with the forward primer
CACCGGATCCCATCAGAACT and the reverse primer
TTAGTGCTGGTATGATCGCA (Udovicic, McFadden &
Ladiges, 1995) and then with the internal primers
TTGGGAAGTYYCYTGTGTTGCA  (forward) and
TGGTATGATCGCACCCRTCATG (reverse) designed
specifically for Leea by J.E.M.

Amplification reactions were performed in a 25-uL
volume containing Choice Taq Mastermix (1.5 mM
MgCl,, 10 mM Tris-HCI at pH 9.0, 10 mM KCl, 8 mM
(NH4)2SOy4, 0.05% Triton X-100, dNTP mix; Denville
cat. no. CB4070-7), 0.7 uM primer, 0.05 pug uL " bovine
serum albumin, 5% dimethylsulphoxide, 0.8 M
betaine, additional MgCl; (to 2.5 mM final concentra-
tion) and 3 uL template DNA, which was prepared by
diluting DNA extracts 1:50 with water. PCR reactions
were conducted using an Applied Biosystems
GeneAmp System 9700 using the following pro-
gramme for ITS: 97 °C for 1 min, followed by 35 cycles
of 95°C for 1 min, 53 °C for 1 min and 68 °C for
2 min, ending with a final extension of 72 °C
for 4 min. For 5S-NTS, the programme was 94 °C for
2 min, followed by 27 cycles of 94 °C for 1 min, 60 °C
for 1 min and 72 °C for 1 min, ending with a final
extension of 72 °C for 4 min.

For visualization, PCR products were run on 1%
agarose gels stained with 0.5 ug mL' ethidium
bromide. If double bands were observed, the desired
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fragment was cut out of the gel and treated with
QIAEX II Gel Extraction Kit (Qiagen cat. No. 20051)
to yield cleaned DNA that was used for a second PCR
reaction. PCR products of the desired size were
cleaned using ExoSAP-IT (USB cat. No. 78201) fol-
lowing the manufacturer’s specifications and then
submitted to Genewiz Inc. for sequencing. Each DNA
fragment (ITS1, ITS2, 5S-NTS) was sequenced in
both directions.

ALIGNMENT AND ITS SECONDARY STRUCTURE
PREDICTION

The ITS and the faster-evolving 5S-NTS, derived from
the nuclear ribosomal RNA (nrRNA), were used to
resolve phylogenetic relationships in Leea. To allevi-
ate alignment ambiguities and improve homology
assessments, Leea ITS was aligned following second-
ary structural information inferred from the method
of free energy minimization (FEM), which assumes
that the most optimal RNA conformation has the
lowest folding free energy (Mathews & Turner, 2006).
Previous studies have affirmed the phylogenetic
utility of the ITS region (Baldwin et al., 1995), but
only a few studies have employed its secondary struc-
ture as the guide for alignment in plant taxa, which
may considerably improve phylogenetic estimation
[Gottschling et al. (2001) for Boraginales; Goertzen
et al. (2003) for Asteraceae; Bellarosa et al. (2005) for
Quercus L., Fagaceae; Campbell et al. (2005) for Picea
A.Dietr.,, Pinaceae; Muellner et al. (2008) for tribe
Aglaieae, Meliaceae; Molina & Struwe (2009) for tribe
Potalieae, Gentianaceae]. Secondary structure models
include stems or helices, which form contiguous base
pairs that may be interrupted by bulges or loops
(unpaired nucleotides on each strand).

Individual ITS and 5S-NTS sequences were assem-
bled and trimmed in Sequencher ver. 4.6 (Gene Codes
Corp.) and initially aligned with ClustalW (European
Bioinformatics Inst.) using default parameters, then
manually adjusted in Microsoft Word. ITS1 and ITS2
were adjusted to follow secondary structure informa-
tion generated for L. aequata by the software RNAs-
tructure v. 5.3 (Reuter & Mathews, 2010) using the
command ‘Fold RNA single strand’. Twenty structures
are automatically stored in each output file, with the
first one having the lowest calculated free energy
(the most probable structure), and the other 19 are
alternative hypotheses sampled heuristically (D. H.
Mathews, pers. comm.).

Base-pairing probabilities for helices (alternatively
called stems) in the secondary structure predictions
were calculated using the partition function tool of
RNAstructure (Mathews & Turner, 2006). Detailed
methodology is available in Molina & Struwe (2009).
On average, 91% of base pairs with a probability of

0.99 or greater of pairing (Pgp = 0.99) are correctly
predicted based on comparative sequence analysis
(Mathews, 2004), whereas only 83% of base pairs with
Pgp = 0.90 may be correctly predicted. The generated
helix files were modified to retain only highly prob-
able base pairs (Pgp = 0.90). These were exported into
XRNA (B. Weiser & H. Noller, University of Califor-
nia, Santa Cruz) to draw secondary structure models
of ITS1 and ITS2 for L. aequata (Kessler 3080;
GenBank no. JN160932) and Vitis vinifera
(AM423427).

The ITS (ITS1, ITS2) and 5S-NTS sequence data
were concatenated to produce a combined data matrix
which included coded gaps. Gaps were coded with
Gapcoder (Young & Healy, 2003), which implements
the simple indel coding of Simmons & Ochoterena
(2000).

PHYLOGENETIC ANALYSES OF MOLECULAR DATA

Phylogenetic inference was conducted in PAUP* v 4.0
(Swofford, 2003) and MrBayes v. 3.1.2 (Huelsenbeck
& Ronquist, 2001) for the concatenated ITS + 5S-NTS
dataset, with and without coded gaps. An equally
weighted parsimony analysis was implemented using
a heuristic search with 500 addition sequence repli-
cates, imposing a rearrangement limit of 5000 000 per
replicate (MULTREES =on, random stepwise addi-
tion sequence with TBR branch swapping). Bootstrap
support for clades were generated from 500 non-
parametric replicates, each with one random
addition-sequence replicate (rearrlimit = 5000 000,
limitperrep = yes, MULTREES on). To select the best-
fitting model under Akaike’s information criterion,
MrModeltest 2.2 (Nylander, 2004) was used, which
called for a GTR model with equal nucleotide frequen-
cies and with gamma-distributed rate variation
across sites. Coded gaps were treated as binary char-
acters (i.e. restriction data) as suggested in the
MrBayes manual (Ronquist, Huelsenbeck & Teslenko,
2011). Four independent runs of 2.5 million iterations
each were performed (nchains =4) resampling trees
every 500 generations. Twenty-five per cent of the
samples, as suggested in the manual, were discarded
as burnin and the sumt command was used to sum-
marize the trees and generate the consensus tree
with clade posterior probabilities. Tracer v1.4
(Rambaut & Drummond, 2007) was used to analyse
trace files generated by Bayesian MCMC runs (e.g.
MrBayes and BEAST) to assess convergence to the
desired posterior distribution.

MORPHOLOGICAL CHARACTER ANALYSIS

About 900 herbarium specimens from A, CANB,
CHRB, DBG, F, K, L, MICH, MO, NY, PUH, UC and
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US (abbreviations according to Index Herbariorum)
from 30 Leea spp. (sensu Ridsdale, 1974, 1976) were
surveyed and of these about 200 had intact reproduc-
tive and vegetative structures that were examined for
the coding of morphological characters. These charac-
ters, which were chosen because they showed varia-
tion across species (Ridsdale, 1974, 1976), were coded
into a data matrix as six discrete and three continu-
ous traits (Appendices 1, 2). To avoid erroneous
homology assumptions due to the subjective nuances
for flower colour, only corolla lobe colour was coded
(excluding colour of floral tube, which is not derived
from the corolla lobes, and is white to cream in most
species; J. Molina, pers. observ.). The program Mes-
quite (Maddison & Maddison, 2010) was used to infer
ancestral states for each morphological character
using the 50% majority rule consensus tree from the
Bayesian analyses as backbone. Mesquite does not
choose between the resolution that maximizes revers-
als (ACCTRAN) or parallelisms (DELTRAN), but
shows an ambiguous state reconstruction at a node if
there are multiple possible most-parsimonious reso-
lutions that disagree at that node.

Ancestral states were reconstructed using the par-
simony criterion as likelihood reconstruction in Mes-
quite cannot handle polymorphic characters. To
account for phylogenetic uncertainty, discrete ances-
tral states were summarized over the 95% credible set
of trees generated by the Bayesian analysis. This
feature calculates the proportion of trees that con-
tains a particular node in the set and the fraction of
the node-containing trees that exhibit the trait.
Accounting for phylogenetic uncertainty is currently
unavailable for continuous characters. Thus, ances-
tral states were reconstructed on the consensus topol-
ogy (not a set of trees) using the option “Trace
character history’ in Mesquite, which automatically
partitioned continuous characters into discrete
ranges. We applied the squared change assumption
for the parsimony model. The output reconstructions
were summarized with the ancestral states mapped
on the Bayesian consensus tree.

MOLECULAR DATING AND BIOGEOGRAPHICAL
ANALYSES

A smaller data matrix (one accession per species) was
used as the input file in BEAST v.1.6.1 (Drummond &
Rambaut, 2007) to estimate species divergence times.
We implemented an uncorrelated relaxed lognormal
clock as the posterior density for the parameters
ucld.stdev [95% highest posterior density (HPD):
0.40-0.74] and coefficient of variation (95% HPD:
0.41-0.81) did not encompass zero, meaning that the
data are not quite clock-like and indicate some degree
of rate heterogeneity (Drummond & Rambaut, 2007;

Smith, Beaulieu & Donoghue, 2010). The Akaike
information criterion in MrModeltest (Nylander,
2004) recommended GTR + G for the concatenated
ITS and 5S-NTS dataset (without gap coding). The
Yule process, which assumes a constant speciation
rate per lineage, was specified for the tree prior and
is recommended for species-level phylogenies (Drum-
mond et al., 2007).

Some taxa were constrained to be monophyletic
based on phylogenetic results from our parsimony
and Bayesian analyses (Figs 3, 4), and their clades
were calibrated with fossils or known geological evi-
dence. Both the Vitales crown group and the Leea
crown group were assigned a uniform distribution
with 65 Mya as the lower bound corresponding to the
estimated age for the Deccan Traps (Allegre et al.,
1999), where the oldest fossil, Leeoxylon multise-
riatum Prakash & Dayal was collected, and 119 Mya
as the upper bound representing the Vitales/rosid
split (Wang et al., 2009). We think that applying
the same uniform prior is justifiable because both
the Vitales and Leea crown groups could not be any
older than the Vitales/rosid split (maximum age of
119 Mya) or younger than the minimum age of
65 Mya based on fossil evidence.

The L. angulata Korth ex. Miq. — L. spinea Desc.
clade was specified a uniform distribution, namely
5-23 Mya corresponding to the Miocene epoch, which
is the estimated age for L. egjaponica Watari, the
fossil of which closely resembled the wood of L. an-
gulata (Watari, 1951).The Philippine subsets of clade
IIT and clade IV were each assigned a uniform prior of
0-35 Mya, the maximum age corresponding to the
first emergence of some land in the Philippines
(Steppan, Zawadzki & Heaney, 2003).

Two independent MCMC runs of 10 000 000 gen-
erations, sampling every 1000 steps, were sufficient to
achieve effective sample size (ESS) values > 200. The
tree output files were combined in LogCombiner
(included in the BEAST package) after removing 25%
of the trees as burnin. The maximum clade credibility
tree, which represents the sampled tree with the
highest clade posterior probabilities, was visualized
using TreeAnnotator (included in the BEAST
package) with divergence times corresponding to
mean ages taken from the entire sample of trees for
that clade.

Both Lagrange-20110117 (Ree & Smith, 2008) and
S-DIVA (Yu, Harris & He, 2010) were used to recon-
struct ancestral geographical range. Lagrange is a
likelihood method of estimating ancestral areas based
on dispersal, extinction and cladogenesis (DEC; Ree &
Smith, 2008), which incorporates a time component
by specifying an ultrametric tree, whereas S-DIVA
applies the parsimony-based method of DIVA
(Ronquist, 1997) while accounting for phylogenetic
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uncertainty using the methods of Nylander et al.
(2008). Leea ancestral areas were inferred by coding
species as belonging to any of these six areas of
endemism: (A) tropical Africa/Madagascar and adja-
cent islands (Mauritius, Mayotte, Comoros); (I) India;
(D) Indochina including tropical China; (W) West and
Central Malesia, including Malay Peninsula,
Sumatra, Java, Borneo, Sulawesi and Palawan (the
last now politically part of the Philippines, but con-
nected to Borneo prior to the Pleistocene); (G) north-
east Australia including New Guinea, Bismarck
Archipelago, Fiji and the Solomon Islands, hereafter
referred to as Australasia; (P) the rest of the Philip-
pine islands plus Taiwan and Palau.

Areas were optimized on the BEAST maximum
clade credibility tree in Lagrange including only one
outgroup, Cayratia acris (F.Muell.) Domin. of Vitaceae.
Three dispersal matrices corresponding to different
time intervals were implemented: 89-119 Mya, allow-
ing only intra-Gondwana (A, I, G) and intra-Laurasia
(D, W) dispersals (Ali & Aitchison, 2008); 35-89 Mya,
allowing free dispersal among all areas except the
Philippines (P), islands of which had not emerged at
this time; and 0-35 Mya, when free dispersal among
all included areas was already possible. When disper-
sal between areas is allowed, the dispersal probability
was set to 1. In S-DIVA, 1000 random trees from the
posterior distribution of trees generated by the BEAST
analysis were used as input. In both Lagrange and
S-DIVA the maximum number of areas was set to two
because only two Leea spp. in our analyses, L. aequata
and L. rubra Blume, occur in more than two areas, and
their current distributions are presumably due to
secondary range expansion as they are each deeply
embedded in clades whose early diverging lineages
have restricted ancestral ranges (i.e. Indochina).

RESULTS
ALIGNMENT AND ITS SECONDARY STRUCTURE

Multiple peaks corresponding to intragenomic poly-
morphisms for individual nucleotides were seldom
detected in both the ITS and the 5S-NTS sequenc-
ing profiles, suggesting that ITS sequences obtained
have been sufficiently homogenized. Polymorphic
nucleotides were assigned TUPAC ambiguity codes.
The length of ITS1 and ITS2 in Leea is 279-301 and
253-262 bp, respectively. The G+C content (mol%) is
67.8%. 5S-NTS length is 186-374 bp with a G+C
content (mol%) of 65.0%. In general it was difficult
to amplify the two ITS markers from herbarium
specimens despite repeated attempts and trouble-
shooting. Table 1 lists the sequences available for
each accession. Sequences generated from this study
were deposited under GenBank accession numbers

JN160885-JN161046. The combined ITS and 5S-
NTS dataset consisted of 1375 characters including
coded gaps. There was a total of 83 gap characters,
of which 22 sites were from ITS1, 43 from 5S-NTS
and 18 from ITS2.

The ITS alignment was refined based on the sec-
ondary structural models predicted by free energy
minimization in RNAstructure v. 5.3. These models
are here illustrated for ITS1 and ITS2 of the type
species of Leea, Leea aequata, and for Vitis vinifera
(Fig. 2). FEM identified five helices (1A, 1B, 1C, 1D,
le*; Fig.2A) in ITS1 of L. aequata that are well
supported (i.e. base pairing probability at least 90%)
by the partition function calculation of RNAstructure
v. 5.3. The first four helices found in Leea correspond
to stems found in ITS1 of the outgroups Dillenia L.
(GenBank no. JN160885) and Liquidambar L.
(AF304524; not shown but available upon request).
The sequences in stems 1A, 1B and 1D could not be
aligned between the outgroups and the Leea ingroup
unless the stems were marked in the primary
sequence. Thus, the stems provided anchor points by
which sequences may be effectively aligned despite
nucleotide differences.

Stem 1C was readily alignable for all taxa as this
pertains to the Universal Core Motif in angiosperms
(Liu & Schardl, 1994). Leea stem le* was not identi-
fied in the asterid models mentioned above or in the
outgroups Dillenia and Liquidambar. However, le* is
found in Tetrastigma (Miq.) Planch. (GenBank no.
JN160886; not shown) and Vitis (Fig. 2B) of Vitaceae.
Stem le* may also be present in the other genera of
Vitaceae (Cayratia Juss., Cissus L. and Clematicissus
Planch.), but the sequences obtained from GenBank
(AF365985, AY998779 and AY037913, respectively)
lack the last few bases necessary to determine the
occurrence of stem le*. Stem le* was also not found
in three other randomly chosen rosid taxa, complete
ITS sequences of which were obtained from GenBank
[Aronia Medik. sp. (EF127043, Rosaceae), Elaeocar-
pus williamsianus Guymer (DQ448691, Elaeocar-
paceae) and Quercus petraea (Matt.) Liebl.
(EU628558, Fagaceae)] and were folded using FEM in
RNAstructure (secondary structure models available
from the authors upon request).

In the structural model of ITS2 for L. aequata
(Fig. 20), six stems (2A, 2B, 2c*, 2¢**, 2d*, 2D) were
determined to be well supported (BP = 90%). 2A, 2B
and 2D were also identified in other eudicot taxa
examined and may be homologous. 2¢*, 2¢** and 2d*
do not correspond to stems found in outgroup taxa
including Tetrastigma (not shown) and Vitis (Fig. 2D).
However, when the ITS2 sequence of L. asiatica (L.)
Ridsdale (Suzuki et al., 9480014) was folded using the
same methodology, a stem allegedly corresponding to
2C of the other taxa was identified (not shown).
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Figure 2. Structural models of ITS in Leea aequata and Vitis vinifera. Motifs homologous to stems in other eudicots are
labelled following the annotations of Goertzen et al. (2003). Only base pairs with pairing probabilities = 90% are shown.
A, secondary structure model of Leea aequata ITS1. Leea stems 1A-1D are homologous to stems in other eudicots
examined, except for stem 1le*, which was only present in Vitaceae. B, model of Vitis ITS1. C, model of Leea ITS2. Leea
stems 2A, 2B and 2D are homologous to stems in other eudicots. Leea aequata 2c¢* and 2c¢** represent stems not
homologous to stem 2C of Anvillea (Goertzen et al., 2003). D, model of Vitis ITS2.

© 2012 The Linnean Society of London, Botanical Journal of the Linnean Society,

2013, 171, 354-376



364 J. E. MOLINA ET AL.

Nonetheless, stem 2C was a hypervariable region that
was difficult to align among the taxa examined, in
spite of the comparatively similar positioning of this
motif.

The structure of stem 2B is almost invariant across
taxa, and is a helix interrupted by a universally
conserved pyrimidine bulge (Mai & Coleman, 1997). In
L. aequata (Fig. 2C), this bulge is made of unpaired
TT-CT on opposite strands. The same nucleotides
make up the bulge in Tetrastigma, Vitis L. (Fig. 2D)
and Liquidambar, but in Dillenia the nucleotides are
CC-CT. Stem 2D is relatively variable in nucleotide
sequence compared with stem 2B, but was also easy to
align after compensatory mutations were identified.

PHYLOGENETIC ANALYSES

The data matrix as well as all the phylogenetic trees
in this study may be downloaded from Treebase
(study ID 12167). Parsimony analysis in PAUP was
conducted with coded gaps (Fig.3) and without
(results not shown). Gap coding slightly improved
bootstrap support (BS) for the major clades and sub-
clades. In the alignment that included coded gaps,
383 sites belonged to ITS1, of which 26.6% was
missing data and 226 were potentially parsimony-
informative characters (PIC). ITS2 consisted of 396
sites, of which 45.2% was missing data and 96 PIC. In
total, 513 sites of the alignment belonged to 5S-NTS
with 51.8% as missing data and 264 PIC.

The concatenated alignment of 1375 sites had 454
sites (33%) that were constant and 623 (45%) PIC.
The most-parsimonious trees from the concatenated
ITS + 5S-NTS dataset were 2491 steps in length, with
a consistency index (CI) of 0.58 and a retention index
(RI) of 0.80. Convergence to the desired posterior
distribution in the Bayesian analyses was achieved
after 2.5 million generations, with the standard
deviation of split frequencies < 0.01. Moreover, ESS
for all sampled parameter values in MrBayes was
> 300, suggesting reasonable sampling of independent
data points. Trace plots for all sampled parameters
also did not show sharp fluctuations indicative of good
mixing or low autocorrelation among samples.

Leea is monophyletic with four major clades (I-1V)
in the parsimony (Fig.3) and Bayesian (Fig.4)
results. However, the topologies differ in the place-
ment of major clades with Clade II recovered as sister
to Clade III in the parsimony result with relatively
strong support (87% BS), but shown as part of a
trichotomy with clades III and IV in the Bayesian
consensus topology (Fig. 4).

MORPHOLOGICAL CHARACTER ANALYSES

Reconstructed ancestral states are only presented for
well-supported nodes [posterior probability (PP)

= 0.95] and if all the node-containing trees possessed
this ancestral state at those nodes (Fig. 4). Similar
flower colour, which Ridsdale (1974, 1976) considered
a salient taxonomic feature, is homoplastic, except for
the yellow corolla lobe color of African species (char-
acter 10, Fig. 4). Green corolla lobe colour (G) is
plesiomorphic (Fig. 4). White corolla colour (W)
evolved twice in clades III and IV, whereas red corolla
colour (R) evolved twice in clade IV. Ridsdale (1974,
1976) emphasized the diagnostic value of stipule
shape in species identifications and provided detailed
illustrations of these in his revisions, with those of
L. indica and L. guineensis encompassing a variety of
stipule morphologies. However, these cannot be
directly assessed on herbarium specimens as most
stipules are deciduous, but the ratio of stipule scar
length to petiole length (SC/PT, Fig. 1E) was measur-
able. A stipule scar measuring = 0.8 of the entire
length of the petiole is a synapomorphy for clade I
(Fig. 4, character 1), as is an SC/PT < 0.5 for Clade IV
(character 9).

In both parsimony (Fig.3) and Bayesian (Fig. 4)
results, Clade I is represented by L. asiatica sensu
Ridsdale (1974; including L. aspera Wall. ex Roxb.). It
is the sister to the rest of the genus, a well-supported
position in both analyses. Of the morphological char-
acters examined, SC/PT = 0.8 is unique to this group.
Clades II + IIT + IV have fused stamens (Fig. 4, inset,
character 2) in contrast to Clade I, which has the
plesiomorphic feature of free stamens from the
common ancestor of Vitales. Clade II includes Leea
spp. that bear prickles, which is a distinct synapo-
morphy (character 3 in Fig. 4).

Clade IIT includes Leea spp. that possess longer,
thicker flowers (> 4 mm long in dried material; Fig. 4,
character 4), > 30% longer than the average in non-
clade IIT members, and relatively larger fruits (fruit
width > 14 mm, character 5). In clade III, the New
Guinea species and the Philippine species each form
monophyletic groups and are sisters. The lack of
seeds and fruits in most specimens precluded detailed
studies of these, but based on mapping Ridsdale’s
(1974, 1976) descriptions of the endosperm, complex
endosperm rumination [i.e. highly uneven endosperm
surface due to ingrowths of surrounding tissues
(Bayer & Appel, 1996)] evolved in the ancestor of the
New Guinea and Philippine species of Clade III (char-
acter 6 in Fig. 4). Of the New Guinea species, L. go-
nioptera Lauterb. and L. zippeliana Miq. have
unifoliolate leaves; the other species are strictly
pinnate. The Philippine species are distinctive in
having tetramerous flowers (character 7 in Fig. 4) as
elsewhere in the genus, flowers are pentamerous.

Clade IV contains the species complexes L. indica
and L. guineensis, neither of which is monophy-
letic, and the distinct morphospecies L. aequata,
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Figure 3. Strict consensus tree from parsimony analysis. Terminals are labelled with names according to Ridsdale (1974,
1976) and include collection information for the accessions (first two letters of the first collector’s last name and collection
number; see Table 1). Bold lines represent nodes with 100% bootstrap support (BS). Numbers above branches include only
BS values 50% or higher. Roman numerals indicate major clades of Leea (I-IV), and b, ¢ and d indicate subclades in Clade
IV. Subclade IVa (compare with Fig. 4) is not recovered as monophyletic and is not labelled.
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tube marked with an arrow; 2, staminal fusion in Leea spp.
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L. compactiflora Kurz, L. macrophylla Roxb. ex
Hornem., L. rubra and L. setuligera C.B.Clarke. In
the Bayesian consensus tree, four subclades (a—d)
occur in Clade IV (Fig. 4), of which only subclade IVa
was not recovered in the parsimony analysis (Fig. 3).
Species in clade IV share relatively smaller fruits
(<10 mm wide in dried specimens; character 8 in
Fig. 4). Leea aequata is distinguishable from L. indica
s.l. in possessing large pearl glands on the underside
of the leaf surface (character 11 in Fig. 4). Leea com-
pactiflora is similar vegetatively to both L. indica and
L. guineensis, but differs in having large conspicuous
bracts on its flowers. The reddish-flowered L. rubra is
separated from L. guineensis by its distinctive wing-
like stipules that occupy the entire petiole. Stipules in
Leea guineensis s.l., in contrast, are obovate in shape
and do not span the whole petiole length.

MOLECULAR DATING AND
BIOGEOGRAPHICAL ANALYSES

Ancestral area reconstruction using parsimony and
likelihood methods yielded similar results. For
certain nodes where there is a conflict between
methods in the inferred ancestral range, the area
with the highest probability from the alternative
method is shown. The ancestor of Vitales originated
during the Early Cretaceous but its distribution at
that time is unclear. The origin of Leea was placed in
Indochina (D) by S-DIVA in the Late Cretaceous
(72.05 Mya, 95% HPD: 65.00-86.19 Mya, Fig. 5, node
1). Clade I originated from Indochina in the Miocene
(node 2). Clades II, III and IV originated in the
Oligocene (nodes 3, 4 and 6). Clade II + III shared a
West/Central Malesian (W) ancestor (node 5) in the
Eocene that diversified in Malesia (W, G and P). A
long-distance dispersal across the Indian Ocean to
Madagascar (A) also occurred in Clade II during the
Miocene (node 7). The ancestor of Clade III encom-
passed West/Central Malesia and Australasia (node
4). Clade IV (node 6) has an ancestral range encom-
passing the disjunct Indochina (D) and Australasia
(G). Of the four subclades of Clade IV, three origi-
nated in Indochina (nodes 9, 10 and 11) then dis-
persed independently to Africa/Madagascar (A) and
parts of Malesia (W, P). One subclade was inferred to
have originated in Australasia (node 8).

DISCUSSION

PHYLOGENETIC UTILITY OF ITS
SECONDARY STRUCTURE

The ubiquitous presence of stems 1A-1D and 2A-2D
in phylogenetically distant rosid plant groups and in
Leea suggests that these secondary structures have
been evolutionarily constrained across many plant

groups. These conserved motifs facilitate homology
assessments despite nucleotide differences during
sequence alignment. These stems were also identified
in asterid taxa from Gentianaceae (Molina & Struwe,
2009) and Asteraceae (Goertzen et al., 2003).

However, among the rosid taxa examined, stem le*
was not present but occurs in Vitaceae, including
Leea, suggesting that this may be a conserved motif
unique to Vitales. Further comparative sequence
analyses are necessary to confirm this. The Leea
pyrimidine bulge in stem 2B was also found in
the phylogenetically distant Gentianaceae (Molina
& Struwe, 2009), suggesting its universality in
angiosperms. Stem 2C sensu Goertzen et al. (2003)
was not supported in L. aequata. This particular stem
may not be under the same selective pressure as the
other more conserved motifs such as stems 1C, 1D, 2B
and 2D. Nonetheless, the presence of more evolution-
arily conserved stems provided useful anchor points
to guide the alignment, which was difficult based on
sequence identity alone. This was also shown by
Molina & Struwe (2009) in Gentianaceae, in which
the secondary structure-guided alignment produced a
comparatively more accurate phylogenetic tree com-
pared with alignments produced by ClustalX (Thomp-
son et al., 1997) and MAFFT (Katoh et al., 2002). This
underlies the utility of ITS secondary structures in
resolving phylogenies, not only in closely related
plant taxa, but even across all eukaryotes (Coleman,
2009).

MOLECULAR PHYLOGENY AND TAXONOMY

Parsimony and Bayesian analyses resolved the phyl-
ogeny into four major clades, and were concordant in
the groupings of taxa. Clade I is composed of two
subclades (Figs 3, 4). One subclade morphologically
corresponds to L. crispa L. (leaves coriaceous, gla-
brous above), and the other corresponds to L. aspera
(leaves membranous, scabrous with white appressed
hairs). These two species were both synonymized with
L. asiatica by Ridsdale (1980) because of intermediate
forms. The combination of greenish flowers, a narrow
wing-like stipule traversing the length of the petiole
(SC/PT > 0.8), moderately large fruits (c. 12 mm wide)
and extremely serrate leaflets with strongly pinnate
venation taxonomically distinguishes members of
Clade I from other species.

The relationships among clades II, III and IV are
ambiguous based on the Bayesian (MrBayes) analy-
sis, although the monophyly of clades II and III is
moderately supported with 87% BS (Fig. 3). Clade II
includes three prickle-bearing species from Malesia
(L. aculeata Blume, L. angulata), Madagascar and
Mayotte (L. spinea) (Fig.4). Species of Clade III
(Fig. 4) possess generally longer and more coriaceous
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flowers than species of other clades. However, longer
corollas may not be strictly confined to Clade III, as it
also occurs in other island taxa such as L. tinctoria
(Sao Tomé) and L. grandifolia (Nicobar and Andaman
Islands), although they may not be closely related to
members of Clade III because of their small fruit size
(< 10 mm wide) and low SC/PT (< 0.5), but this needs
to be phylogenetically tested. The Philippine L. uni-
foliata was not sampled but probably belongs to Clade
IIT by virtue of its tetramerous corolla, which is
unique among the Philippine species in this clade
(Fig. 4, character 7). Although L. tetramera of the
Solomon Islands was not included in the analysis, its
morphological similarity (> 6 mm corolla, fruit width
> 18 mm) to L. macropus K.Schum. & Lauterb. of the
Bismarck Archipelago suggests a possible evolution-
ary affinity with the latter (Fig. 4).

Clade IV is predominantly composed of the mor-
phologically homogeneous L. indica/L. guineensis
complex, but also includes the morphologically dis-
tinct L. aequata, L. compactiflora, L. macrophylla,
L. rubra and L. setuligera interdigitated among acces-
sions of L. indica and L. guineensis sensu Ridsdale
(Figs 3, 4). Even L. macrophylla sensu Ridsdale
(1976) is a species complex, as he combined four
morphological entities into this complex because they
possess an essentially similar floral structure, in spite
of variations in leaf indument and leaf pinnation,
from strictly unifoliolate (Wen 7415, i.e. L. macro-
phylla s.s.) to pinnate (Wen 7417, i.e. L. robusta
Roxb.).

The apparent polyphyly of L. indica and L. guineen-
sis calls for a revision of current species circumscrip-
tions. According to Ridsdale (1976), L. indica and
L. guineensis are only distinguishable by flower colour
with L. guineensis possessing red or reddish flowers
and L. indica having white or cream or even greenish
flowers. However, both red and white flowers have
originated multiple times in independent lineages
(Fig. 4). Ridsdale (1976: 778) admitted that his taxo-
nomic circumscriptions resulted in species complexes
that encompass a ‘wide range of variability, both
geographically and ecologically’. Even Ridsdale was
confused in his own identification of non-flowering
duplicates of a Philippine specimen by Fenix 24980
(UC and US), which he annotated independently as
representing L. indica and L. guineensis.

Leea guineensis was originally described by Don
(1831) based on a collection from the West African
country of Guinea. Although Don did not describe
flower colour, Ridsdale (1974, 1976) redefined
L. guineensis to represent red-flowering morphospe-
cies from a large geographical area spanning tropical
Africa to Asia. As our sampling did not include acces-
sions from Guinea, we cannot assign this name for
any of the red-flowered accessions included in our

analyses identifiable as L. guineensis s.l. based on
Ridsdale’s key, but the other accessions are aptly
given resurrected names (Fig. 4).

Descoings (1959) revised Leea of Madagascar and
came up with seven infraspecific classifications (six
forms and one variety) under L. guineensis, including
f. monticola Desc. and var. cuspidifera Baker, which
we both elevate here to species rank and correspond
to WE9569 and GE62078, respectively. One of us
(J.W.) has seen L. cuspidifera Baker and L. monticola
Desc. in the field and attests to their species
status. Leea cuspidifera was treated as a variety of
L. guineensis by Descoings (1967) and Ridsdale
(1974). The taxon is morphologically distinctive by its
pilose to pubescent lower leaflet surface, smaller and
thinner leaflets, cuspidate leaflet apex and three- to
four-pinnate (vs. two- to three-pinnate) leaves in com-
parison with L. guineensis s.l. Leea monticola was
considered as a form of L. guineensis by Descoings
(1967). Leea monticola is a slender to scrambling
shrub and has relatively small leaflets. The teeth are
fewer and finer in comparison with those of
L. guineensis s.l.

We also resurrect L. coccinea Baker, which is the
most popular Leea for its use in horticulture (com-
monly known as West Indian holly in the United
States), originally described from a collection in
Myanmar. It is distinct in having coriaceous leaves
with repand and mildly serrate margins. This
appears to be different from the collection from
Myanmar (Leea sp. 1, Kress 97-5877), which we could
not identify because of the lack of reproductive struc-
tures. We also could not precisely determine the Mau-
ritius specimen LO2647, as the BM type of L. arborea
Telf. ex Wight & Arn., the sole Leea from Mauritius,
has more of a crenate—serrate margin, whereas
L0O2647 has a serrulate margin (i.e. small, sharp,
forward-pointing teeth). Discrimination of LO2647 as
different (or identical) from L. arborea was prohibited
by the scarcity of collections from Mauritius. Thus, we
refer to it as L. cf. arborea in the Bayesian consensus
tree (Fig. 4) to draw more attention to this taxon.

Leea indica was described by Burman (1768) as
Staphylea indica Burm.f., but Merrill (1919) moved it
to Leea. Ridsdale (1974, 1976) later identified many
light-flowered accessions collected from all over
Indomalaya and the Pacific Islands as L. indica. We
redefine L. indica to include only accessions with
light-coloured flowers from India and Indochina with
pinnate glabrous leaflets. We predict that increased
sampling of accessions from SE Asia may expand the
geographical distribution of L. indica.

We assign L. novoguineensis Val., included by Rids-
dale (1974, 1976) in L. indica, to accessions in subc-
lade IVa (Fig. 4), flowers of which are light-coloured
(i.e. cream, greenish-white), with multi-pinnate
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leaves, small flowers (<4 mm long), small fruits
(< 12 mm wide, dry) and with SC/PT < 0.5, distributed
in Australasia. The substantial genetic differences
among the accessions of L. novoguineensis in this
subclade and their wide geographical range could
suggest that this may also be a species complex that
may be resolved with phylogeographical analysis.

In subclade IVd, based only on herbarium speci-
mens the India-restricted L. indica is almost indistin-
guishable from accessions collected in Vietnam
(AV1602), Philippines (B0O2438), Sulawesi (RA8IS,
WE10237), Malaysia (WES8341) and Singapore
(LE126), which form a distinct clade, which we refer
to here as L. javanica Blume. This species only varies
from L. indica s.s. in fruit size where the latter is
9 mm wide (dried) vs. 6 mm wide (dried) in L. java-
nica. However, we believe that herbarium specimens
examined do not capture species differences, and that
more field studies are needed. More collections are
also needed to ascertain species status of L. dentata
Craib from Thailand (represented by MA90692,
AN5149), which is allied to L. longifoliola Merr., a
species described from the island of Hainan, China.
We resurrect L. longifoliola here, as it is distinct from
other species in having coriaceous leaves dispropor-
tionately longer than wide compared with the typical
leaf length/width ratio of 2.2—3.8 in Leea.

Philippine accessions within subclade IVd form a
monophyletic group (Figs 3,4). We have decided to
subsume 13 of these accessions, corresponding to pre-
viously described species, in L. manillensis Walp.
from a type collected in Manila, Philippines, in spite
being collected from different islands (including
Taiwan and Palau), because they all have the same
corolla colour (red) with overlapping vegetative mor-
phologies, as seen from herbarium specimens and as
observed in the field by one of us (J.M.). This may be
an example of cryptic speciation, and additional data
may be able to clarify relationships in this group.
However, in L. manillensis, we recognize two other
species, L. cumingii C.B.Clarke and a putative new
species, Leea sp. 2, making L. manillensis para-
phyletic, which we think is valid due to incomplete
lineage sorting from recent speciation. Both species
deserve species status for their white flowers (vs. red
flowers in L. manillensis). In the field they attract a
different set of pollinators (Molina, 2009).

Leea cumingii was combined with L. guineensis s.l.
by Ridsdale (1974, 1976). It is distinct from any other
Leea in having extremely pubescent leaf and petiole
indument (‘rufous-shaggy’ in protologue). Although
L. cumingii and Leea sp. 2 cluster together in the
molecular analyses (Figs 3, 4 in subclade IVd), they
differ substantially morphologically. Leea sp. 2 has a
short stature (<1 m, suffrutuscent herb), glabrous
stipules (Fig. 1C) and glabrous leaves, which contrast

with those of the sympatric L. cumingii, which is a
small pubescent tree (3—6 m) with pubescent stipules
(Fig. 1D). The calyx of Leea sp. 2 is pale green and
does not exhibit the reddish tinge characteristic of
L. cumingii. Such detailed flower colour, which may
represent an important evolutionary trait, is often
missing from herbarium notes. One of us (J.M.)
believes that these two species possibly hybridize
because of their concurrent flowering phenologies and
similar pollinator assemblage and the discovery of a
population in which individuals are intermediate in
morphology (Molina, 2009).

It must be clarified that flower colour is a composite
of corolla lobe colour and floral tube colour (see
Fig. 4), which are often different. For example, L. ac-
uleata has a white floral tube surrounded by light
green petals whereas L. manillensis (included in
L. guineensis by Ridsdale, 1976) has red petals enclos-
ing a white floral tube. The colour of the calyx, which
can be observed first as it envelops the bud, does not
necessarily translate to petal colour, such that in
L. rubra the bright red calyx subtends the pale-
orange petals and whitish floral tube (Pullen 6703;
Specht 1305). This may not have been realized by
Ridsdale (1974, 1976) as some herbarium sheets
noted flower colour as ‘red buds’, which he then
assumed to be L. guineensis. One morphospecies of
L. guineensis s.l. (=L. cumingii) in the Philippines
possesses white petals, but the calyx enclosing the
corolla buds is tinged with red (J. Molina, pers.
observ.).

Ridsdale’s simple dichotomy of corolla colour into
red and white becomes untenable as some herbarium
sheets have collection notes that describe Leea flowers
for the same species with a wide range of colours. For
example, flower colour in L. rubra was independently
noted as: ‘maroon’, ‘red calyx, pale orange petals’,
‘creamy white’ and ‘red corolla, cream inside, corolla
and stamens pale cream’. In L. philippinensis Merr.,
flower colour was reported as: ‘green and white’,
‘white’, ‘pale yellow’, ‘cream’, ‘lowers pink with green
petals’. Such variations in flower colour also lend
support to the natural variation of this trait and its
unreliability in circumscribing Leea spp., and this is
evident in Figure 4 where the same corolla colour
appears multiple times in non-monophyletic lineages,
except for yellow corollas, which evolved once in sub-
clade IVc, i.e. only among African species.

Phylogenetic resolution from molecular markers
was crucial in exposing the polyphyly of some previ-
ous species definitions in Leea. Thus, taxonomic cir-
cumscriptions should ideally not depend solely on
morphology because of some intrinsic problems such
as phenotypic plasticity and/or convergent evolution.
Some cryptic species, such as L. guineensis s.s
and L. indica s.s., which are supported by DNA as
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distinct, but are not morphologically distinguishable
based on herbarium specimens, may in fact be an
artefact of inadequate taxonomic investigation, such
that the suite of morphological and anatomical char-
acters that can potentially provide taxon-specific
characters remain to be discovered. As morphological
differences between species are more conspicuous in
their natural habitat, revisionary studies of Leea, or
of any other taxonomically challenging group, must
be supplemented with detailed colour studies of
reproductive structures and information on habit and
ecology.

BIOGEOGRAPHY

Several workers (Wikstrom, Savolainen & Chase,
2001; Magallén & Castillo, 2009; Wang et al., 2009)
have dated the Vitales/rosid split to the Cretaceous
(88-119 Mya), which could mean that the Leea stem
lineage may have already been in place as early as
the Late Cretaceous, after the Gondwanan land-
masses had already separated (Ali & Aitchison, 2008).
Chen (2009: 193) predicted that Vitales (Vitaceae s...)
originated ‘from tropical equatorial or southern lands’
(vs. northern temperate areas), but our data could not
verify this at this time.

The age of the Leea crown group based on molecu-
lar dating was Late Cretaceous (72.05 Mya, 95%
HPD: 65-86.19 Mya). The oldest Leea fossils are from
the early Eocene of Peru (Berry, 1929; Chen, 2009)
and the early Palaeocene Deccan traps of India
(Prakash & Dayal, 1964), suggesting that the ances-
tor of Leea may have originated somewhere on Gond-
wana. Although not currently supported by our
analyses, it is possible that the Leea crown group or
its stem lineage evolved in Gondwana before the
Palaeocene, and perhaps reached Laurasia via the
Indian plate which collided with Laurasia sometime
in the late Eocene (Ali & Aitchison, 2008). This is also
known as the out-of-India hypothesis (McKenna,
1973), which has been corroborated by biogeographi-
cal patterns of plant taxa such as Crypteroniaceae
(Conti et al., 2001; Rutschmann et al., 2004), Diptero-
carpaceae (Dayanandan et al., 1999), Sterculia L.,
Grewia L., Polyalthia Blume, Gomphandra Wall. ex
Lindl.,, Lophopetalum Wight ex Arn., Syzygium
PBrowne ex Gaertn. and Sonneratia L.f. (Bande,
1992; Morley, 2000). These tropical taxa are now
largely confined to the Malesian region, having been
extirpated by Neogene aridification in India (Morley,
2000).

An alternative scenario, and one that is supported
by our results, is the origin of the crown group in
Indochina, spreading to India, West/Central Malesia
and Australasia, to account for the inferred distribu-
tions of Clade I, Clade II + III and Clade IV, respec-

tively. However, the Leea fossil exhumed from the
Eocene of Peru becomes difficult to account for with
this scenario.

Regardless of the origin of Leea, it is noteworthy
that African/Malagasy Leea spp. are embedded in
Asian clades, suggesting long-distance dispersal from
Asia as the timing of the split (mid Miocene) does not
fit a Gondwanan vicariance event. This trend has also
been illustrated by Renner, Clausing & Meyer (2001)
in some members of Melastomataceae, by Kulju et al.
(2007) in Mallotus and Macaranga (Euphorbiaceae)
and by Warren et al. (2010) in several plant and
animal taxa.

Disjunct distributions, as inferred for the ancestor
of Clade IV, simultaneously being present in both
Indochina and Australasia, but not in the intervening
West Malesian region may be an artefact of inad-
equate taxon and geographical sampling. Inclusion of
data from the Malayan—Sumatran L. simplicifolia,
and from other unsampled cryptic species in the inter-
vening regions of Java, Sulawesi, Lesser Sunda
islands and Moluccas, may confirm if this is a real
disjunction. Alternatively, extinction of a putative
Indochinese or West Malesian ancestor may have also
brought about this disjunct ancestral range.

By the mid Miocene, warm and moist conditions
throughout Indomalaya allowed a proliferation of
mixed warm temperate and paratropical forests as far
as Japan (Morley, 1998). This allowed Leea to expand
its distribution, which would explain the fossil wood
of L. eojaponica collected in the Miocene deposits of
Simane, Japan (Watari, 1951). It was also in the mid
Miocene that large areas of the Philippines and New
Guinea had been uplifted (Hall, 1998; Steppan et al.,
2003), encouraging the diversification of Clade III,
which is endemic to these areas. Clade IV had also
undergone rapid radiation, perhaps facilitated by the
ecological novelties presented by the Indomalayan
region during the Neogene (Hall, 1998, 2002, 2009;
Morley, 1998, 2000). During this time, populations
were repeatedly fragmented by high sea stands (c.
100 m above present-day levels), which was often
accompanied by warmer, wetter weather that pro-
moted rainforests (Morley, 1998, 2000; Woodruff,
2003). Morphological similarity of cryptic Leea spp.
may have been a consequence of strong stabilizing
selection on optimal phenotypes that were well
adapted to fluctuating environments (Sheldon, 1996;
Sotuyo et al., 2007). The dynamic geological and envi-
ronmental changes experienced by Neogene Indoma-
laya, such as the emergence of many oceanic islands,
plate convergence, sea-level fluctuations and alternat-
ing wet and dry climates following the Himalayan
uplift (Hall, 1998; Woodruff, 2003), may have driven
the rapid radiation and the great diversity of Leea in
this region.
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APPENDIX 1

Morphological characters (discrete and continuous) used for ancestral state reconstruction in Mesquite.
Characters 1-6 refer to discrete characters; 7-9 to continuous characters, which Mesquite automatically
partitioned into discrete ranges. See Appendix 2 for the morphological matrix used as input in Mesquite.

1 Glands — presence of large glands on the underside of the leaf: 0 = absent; 1 = present.

2 Endosperm rumination — degree of unevenness of endosperm surface: 0 =simple rumination [basically

with five ingrowths: one along the median plane, two from the raphe, one at each lateral face (Ridsdale,

1976: 759)]; 1 =complex rumination (when lateral ingrowths are more branched/reticulate than in simple

rumination).

Prickles — presence of prickles on either trunks or branches: 0 = absent; 1 = present.

Floral merosity — number of petals: 0 = four petals; 1 = five petals.

Corolla lobe colour: 0 = white to cream; 1 = green; 2 =red or reddish; 3 = yellow.

Staminal fusion — stamens free or fused: 0 = free; 1 = fused.

SC/PT — stipule scar to petiole length ratio (SC/PT) (length of stipule scar divided by petiole length; refer to

Fig. 1E).

8 Flower length — length of dry flower from base of flower to tip of floral tube (from dry materials, in mm, see
Fig. 4).

9 Fruit width — width of dry fruit measured at the widest point (from dry materials, in mm).

O U W

APPENDIX 2

Morphological matrix. Characters 1-6 refer to discrete characters; 7-9 to continuous characters (as they appear
in Appendix 1). Polymorphic traits are indicated in parentheses. Taxon names are followed by collection
information (first two letters of the first collector’s last name and collection number). Leea accessions were
identified following Ridsdale’s treatment (compare with Table 1 for new classifications). ‘”’ indicates no data.

Cayratia acris ? ? ? ? ? 0 ? ? ?
Cissus tweediana ? ? ? ? ? 0 ? ? ?
Clematicissus angustissima ? ? ? ? ? 0 ? ? ?
Dillenia sp. MOsn ? ? ? ? ? ? ? ? ?
Liquidambar orientalis ? ? ? ? ? 0 ? ? ?
Tetrastigma sp. MO4 ? ? ? ? ? 1 ? ? ?
Leea aculeata MO19 0 0 1 1 1 1 0.76 2.8 11.5
Leea acuminatissima FEsn 0 1 0 0 0 1 1 4.1 15
Leea acuminatissima WE8242 0 1 0 0 0 1 ? ? ?
Leea aequata DA99069 1 0 0 1 1 1 0.22 2.4 7
Leea aequata KE3080 1 0 0 1 1 1 0.22 2.4 7
Leea aequata WE7494 1 0 0 1 1 1 0.22 2.4 7
Leea aequata YA4 1 0 0 1 1 1 0.22 2.4 7
Leea amabilis AR9415 0 0 0 1 0 1 0.39 4.6 17.5
Leea angulata WE10230 0 0 1 1 1 1 0.76 2.9 9
Leea asiatica SU9480014 0 0 0 1 1 0 1 2.4 12
Leea aspera AV2190 0 0 0 1 1 0 1 2.4 12

© 2012 The Linnean Society of London, Botanical Journal of the Linnean Society, 2013, 171, 354-376



376 J. E. MOLINA ET AL.

APPENDIX 2. Continued

Leea aspera WE9036

Leea compactiflora HU55103

Leea congesta MO3

Leea coryphantha HO10688
Leea guineensis AL7506
Leea guineensis CA696
Leea guineensis GE5851
Leea guineensis GE62078
Leea guineensis GO119
Leea guineensis MO13
Leea guineensis MO18
Leea guineensis MO31
Leea guineensis MO32
Leea guineensis MO37
Leea guineensis LO2647
Leea guineensis RI264
Leea guineensis WA6727
Leea guineensis WE9569
Leea guineensis YA7
Leea guineensis YAsn
Leea heterodoxa HE1583
Leea indica AN5149
Leea indica AV1602
Leea indica BO2438
Leea indica CH78319
Leea indica FE3177
Leea indica FE2031
Leea indica JA2622
Leea indica MO6

Leea indica MO7

Leea indica MOS8

Leea indica LE126

Leea indica NI2995
Leea indica RA818

Leea indica RE705

Leea indica SM7773
Leea indica TA4316
Leea indica TA4320
Leea indica WE10237
Leea indica WE7498
Leea indica WE8341
Leea macrophylla WE7415
Leea macrophylla WE7417
Leea macropus TA16698
Leea magnifolia ED3509
Leea papuana KA1339
Leea philippinensis MO17
Leea philippinensis YAsn
Leea quadrifida USC821
Leea rubra LE127

Leea rubra PU6703

Leea setuligera CH3311
Leea sp KR37301

Leea sp KR975877

Leea spinea BA646

Leea zippeliana SC4387
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