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Thespesia consists of 16 species of trees and shrubs from Southeast Asia—Oceania, Africa and America, the most
well known being T. populnea, a small tree of tropical coastal areas around the world. Phylogenetic relationships
in the genus and among its allies in tribe Gossypieae were inferred using three plastid and two nuclear regions
to ascertain its generic delimitation and explore its biogeographical history. Maximum-likelihood and Bayesian
analyses confirmed that Thespesia is not monophyletic and, based on these results, Azanza is reinstated to
accommodate the two species previously placed in Thespesia section Lampas. Dating analyses and ancestral
range estimation indicated that Thespesia s.s. most likely originated in Southeast Asia—Oceania c. 30 Mya, but
extant species did not begin to differentiate until the late Miocene. Two dispersal events, one into Africa
c. 11 Mya and another into America (Antilles) c¢. 9 Mya, gave rise to the African and the Greater Antillean
endemics, respectively. The two most widespread hydrochorous species, T. populnea and T. populneoides,
originated in Southeast Asia-Oceania from where they spread to other parts of the world. Our analysis also
indicated a much earlier origin than previously reported for the eumalvoid clade and its tribes Gossypieae,
Malveae and Hibisceae suggesting that vicariance might have had an important role early in the history of these
groups. © 2016 The Linnean Society of London, Botanical Journal of the Linnean Society, 2016, 181, 171-198

ADDITIONAL KEYWORDS: Azanza — Cephalohibiscus — eumalvoids — fossilized birth death model —
long-distance dispersal — Malvoideae — relaxed molecular clock — Thepparatia.

INTRODUCTION insular plant taxa are indeed found in South, Cen-
tral and North America (see reviews by Santiago-
Valentin & Olmstead, 2004; Maunder et al., 2011;
Oleas et al., 2013). A few studies, however, have also
revealed unexpected biogeographical links with the
Old World, notably tropical Africa and the Pacific
(Motley, Wurdack & Delprete, 2005; Mort et al.,
2008; Andrus et al., 2009; Graham, 2010; Namoff
et al., 2010), indicating that our understanding of
the processes that have shaped the Caribbean insu-
lar flora is still far from adequate.

This study focuses on Thespesia Sol. ex Corréa, a
pantropical genus of trees and shrubs consisting of
16-17 species (Fryxell, 1979; Verdcourt & Mwachala,
2009). Only four Thespesia spp. occur in the New
World, three of which are endemic to the Greater
Antilles: T. cubensis (Britton & P.Wilson) J.B.Hutch.
(Fig. 1A) in Cuba, T. beatensis (Urb.) Fryxell
(Fig. 1B) in Beata Island (off the southern coast of the

*Corresponding author. E-mail: fabiareces@yahoo.com Barahona peninsula, Hispaniola) and T. grandiflora

With their juxtaposition between continents and a
complex geological history, the Caribbean islands
have long been viewed as an ideal setting for study-
ing the processes that generate biodiversity. The
islands are renowned for their exceptional plant
diversity and endemism (at the generic and species
levels), which are the product of two contrasting fac-
tors: the close proximity to continents and the high
degree of isolation.

The role of neighbouring continents as a primary
source of colonizing biota has long been recognized
by authors who have compiled plant distribution
data for the region (Alain, 1958; Howard, 1973; Bor-
hidi, 1991; Acevedo-Rodriguez & Strong, 2008). More
recently, molecular phylogenetic studies have shown
that the closest extant relatives of many Caribbean
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Figure 1. Representative members of Thespesia and tribe Gossypieae: A, T. cubensis (Cuba); B, T. beatensis (Beata
Island, Dominican Republic); C, T. grandiflora (Puerto Rico); D, T. populnea (Puerto Rico); E, T. acutiloba (South
Africa); F, T. garckeana (Malawi); G, T. lampas (India); H, Gossypium hirsutum (Puerto Rico); I, Cienfuegosia hetero-
phylla (Cuba); J, Hampea appendiculata (Costa Rica); K, Kokia kauaiensis (Hawaii); L, Lebronnecia kokioides (Hawaii).
Photographs A and I by P. A. Gonzalez Gutiérrez, B-D and H by F. Areces-Berazain, E by C. Gibbon, F by G. Baumann,
G by D. Valke, J by A. Monro and K-L by W. Recart.

DC. (Fig. 1C) in Puerto Rico. The fourth, T. populnea The remaining species are concentrated in East
(L.) Sol. ex Correa (Fig. 1D), is widely distributed in Africa and Southeast Asia and many of them also

the Caribbean and throughout the Tropics (Fig. 2). have restricted, isolated ranges. Five species are
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endemic to Africa, including one in Madagascar; four
are endemic to New Guinea and one is endemic to
Australia (Figs 2, 3). Two other species are wide-
spread in Southeast Asia and the coasts of the
Indian Ocean, respectively.

Members of Thespesia are valued for their multiple
uses, ranging from medicinal and food to ornamen-
tal, timber and fibre, and 7. populnea is an impor-
tant plant in the culture of many countries of the
Indo-Pacific; for example, in Polynesia, it is consid-
ered a sacred tree (Bates, 1990; Friday & Okano,
2006). The species has recently received extensive
attention because of its many medicinal properties
(Vasudevan & Parle, 2007; Shrivastav et al., 2009;
Parthasarathy, Ilavarasan & Karrunakaran, 2009;
Dhanarasu et al., 2010; Selva Kumar et al., 2012;
Pratap Chandran et al., 2014). Thespesia grandi-
flora, the state flower of Puerto Rico, is widely
planted as an ornamental tree. Its wood is hard and
durable and has been used for furniture and craft
items (Little & Wadsworth, 1964; Francis, 1999).
Thespesia garckeana F.Hoffm. (Fig. 1F) is appreci-
ated for its sweet fruits, which are eaten in several
African countries (Mojeremane & Tshwenyane,

2004). Thespesia lampas (Cav.) Dalzell (Fig. 1G) is
widely used in Asia as an ornamental and medicinal
plant (Kosalge & Fursule, 2009; Chumbhale &
Upasani, 2012a,b).

Thespesia belongs to tribe Gossypieae (Malvaceae,
Malvoideae), a well-defined, natural group including
the commercially important species of cotton
(Gossypium L.) (Fryxell, 1979; Seelanan, Schnabel &
Wendel, 1997). Members of Gossypieae are distin-
guished by embryo morphology (the cotyledons are
distinctly folded enclosing the epicotyl and hypocotyl)
and the presence of gossypol glands (Fryxell, 1968,
1979), which are lysigenous cavities that contain
sesquiterpenoid aldehydes that are presumably
involved in defence against herbivores (Bell et al.,
1975). Other features shared by the genera in the
tribe are the presence of an undivided style (except
in Gossypioides Skovsted and some species of Cien-
fuegosia Cav.) and capsular fruits with three to five
carpels (Fryxell, 1979).

Gossypieae currently include eight genera and
c. 126 species native to tropical and subtropical
regions all over the world (Fryxell, 1979). The largest
genus is Gossypium (Fig. 1H), which includes some
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Figure 2. Geographical distribution of species of Thespesia section Thespesia: A, the New World; B, Africa; C, South-
east Asia and Oceania. Dots are localities obtained from > 1900 herbarium specimens examined.

© 2016 The Linnean Society of London, Botanical Journal of the Linnean Society, 2016, 181, 171-198

202 Iudy 0z uo 3sanb Aq 29591 ¥2/1 L1/2/18)/o101Me/uEBUUIOG/WOD dNO"dlWapede//:sdiy Woly papeojumoq



174 F. ARECES-BERAZAIN and J. D. ACKERMAN

B T, lampas
m T. thespesioides

2000
kilometers

Figure 3. Geographical distribution of species of Thespesia section Lampas. Squares are localities obtained from > 300

herbarium specimens examined.

50 species from America, Africa/Arabia and Australia
(Fryxell, 1992) and, due to its economic importance,
has received greater attention than the other mem-
bers of the tribe. In addition to Thespesia, the other
genera are as follows. Cienfuegosia (Fig. 1I) com-
prises 30 species that are mostly Neotropical, but a
few are African (Fryxell, 1997; Krapovickas, 2003).
Hampea Schltdl. (Fig. 1J) comprises 21 species dis-
tributed from Mexico to Colombia (Fryxell, 1969,
1997). Kokia Lewton (Fig. 1K) comprises four species
endemic to Hawaii (Fryxell, 1979; Bates, 1990).
Gossypioides comprises two species (one from East
Africa and one from Madagascar). The monotypic
Cephalohibiscus Ulbr. is from New Guinea and the
Solomon Islands and the monotypic Lebronnecia Fos-
berg (Fig. 1L) is from the Marquesas Islands of
French Polynesia (Fryxell, 1979).

In addition to the above genera, one more has been
suggested to belong to Gossypieae. Thepparatia
Phuph. was described to accommodate a single spe-
cies from Thailand and is thought to be related to
Thespesia (Phuphathanaphong, 2006). The species,
however, lacks gossypol glands and has certain fea-
tures that are unusual in Gossypieae, including a
climbing habit and the presence of serrate leaves
without nectaries. The affinities of this genus to
Thespesia and Gossypieae are therefore worth inves-
tigating with molecular data.

The monophyly of Gossypieae was supported in a
phylogenetic analysis of Malvaceae using plastid
restriction site data (La Duke & Doebley, 1995),
which was later corroborated by a larger study that
included plastid (ndhF gene) and nuclear (ITS)
sequences (Seelanan et al., 1997). According to the
latter study, Cienfuegosia is the earliest divergent

genus (Fig. 4) and, based on a constant (clock-like)
substitution rate and sequence divergence estimates
for ndhF, it diverged from the rest of the tribe in
the early Miocene, c¢. 19 Mya. The lineage including
Lebronnecia, Thespesia and Hampea (the branching
order of which was not fully resolved; Fig. 4)
diverged from the rest of Gossypieae c. 15 Mya.
Gossypium and its sister clade consisting of Kokia
and Gossypioides split c. 12.5 Mya (Seelanan et al.,
1997). Because the position of continents in the
Miocene was similar as they are today, Seelanan
et al. (1997) suggested that diversification of the
tribe has been strongly influenced by long-distance,
oceanic dispersal.

In the most recent phylogenetic analysis of
Gossypieae, only three Thespesia spp. were sampled
and these did not form a monophyletic group (See-
lanan et al., 1997). Thespesia lampas and T. thespe-
sioides (Benth.) Fryxell, both included in Thespesia
section Lampas (Ulbr.) Borss.Waalk. (Fig. 3), were
more closely related to Lebronnecia and Hampea
than to 7. populnea (Fig. 4). Section Lampas com-
prises the species with lobed leaves and dehiscent
fruits with many seeds per locule (van Borssum
Waalkes, 1966). It initially included the only species
of Cephalohibiscus [as Thespesia peekelii (Ulbr.)
Borss.Waalk.]. Thespesia section Thespesia, which
includes T. populnea and the remaining species, is
characterized by entire or (less commonly) lobed
leaves and indehiscent or (less commonly) dehiscent
fruits with two to four seeds per locule (van Borssum
Waalkes, 1966; Fryxell, 1979). Fryxell (1979) noticed
the apparent discontinuity between the two sections
and indicated the possibility of treating them as dif-
ferent genera, but at that time he considered that
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Figure 4. Schematic summary of the relationships among genera of Gossypieae based on ITS and ndhF sequences
(modified from Seelanan et al., 1997): A, phylogenetic tree based on ITS sequences; B, tree based on ndhF sequences; C,
tree based on the combined ITS + ndhF dataset. The placement of the monotypic Cephalohibiscus is unknown. Numbers

indicate the number of species included in this earlier study vs. the total number of species in each genus .

the evidence was not ‘strong enough to warrant
doing so’ (Fryxell, 1979: 101).

The circumscription of Thespesia has historically
varied considerably based on the weight that differ-
ent authors have given to characters such as fruit
dehiscence, number of seeds per locule, calyx shape,
and persistence and number of involucral bracts.
Taken in a broad sense, Thespesia comprises 16 spe-
cies (Thespesia trilobata Baker f. is included here
within the synonymy of T. garckeana), but almost
half of these have at some time been assigned to sev-
eral small genera: Atkinsia R.A.Howard, Ulbrichia
Urb., Montezuma DC., Thespesiopsis Exell & Hillc.,
Azanza Alef. and Shantzia Lewton (Alefeld, 1861,
Lewton, 1928; Howard, 1949; Exell & Hillcoat, 1954).
As currently circumscribed, Thespesia cannot be
defined by clear morphological synapomorphies, but
rather a combination of several features. Its mem-
bers are shrubs or more commonly trees, with three
to many, linear or subulate involucral bracts, a trun-
cate to five-lobed calyx and a three- to five-celled,
oblate to elongated, dehiscent or indehiscent capsule,
with few to many glabrous or pubescent seeds.

In this study we reconstruct the evolutionary rela-
tionships of Thespesia, within the genus and among
the remaining genera of Gossypieae. We address the
delimitation of the genus, investigate the phylogenetic
affinities of the poorly known monotypic Cephalohibis-
cus and Thepparatia, and elucidate the biogeographical
history of the genus emphasizing Antillean species
using a relaxed molecular clock approach with fossils
for calibration.

MATERIAL AND METHODS
TAXON SAMPLING

We obtained leaf tissue from 13 of the 16 currently
accepted Thespesia spp. using herbarium specimens

or silica-gel-dried samples (Appendix 1). Tissue from
herbarium specimens was received from various
institutions upon request or was taken directly by
the authors with permission from the corresponding
herbaria. Vouchers of freshly collected samples were
deposited mainly at the herbarium of the University
of Puerto Rico in Rio Piedras (UPRRP), but also at
the herbarium of the National Botanic Garden of
Cuba (HAJB), the herbarium of the National Botanic
Garden Dr. Rafael M. Moscoso in Dominican Repub-
lic (JBSD), the herbarium of the National Institute
of Biodiversity in Costa Rica (INB) and the herbar-
ium of the Universidad Pedagdgica y Tecnoldgica de
Colombia (UPTC).

Whenever possible, Thespesia spp. were repre-
sented by material from more than one locality. The
three species that could not be sampled belong to 7.
section Thespesia and were T. mossambicensis (Exell
& Hille.) Fryxell (endemic to Mozambique) and 7.
multibracteata Borss.Waalk. and 7. robusta Borss.-
Waalk. (both from Papua New Guinea). Thespesia
mossambicensis is closely related to Thespesia danis
Oliv. (which occurs in Tanzania, Kenya, Somalia and
Ethiopia), whereas the two Papuan species are mor-
phologically similar to the other two sampled New
Guinea species with which they form a well-defined
and distinctive group.

We also sampled the Thai endemic genus Theppa-
ratia and the following genera of Gossypieae: Ham-
pea (four species), Cienfuegosia (one species), Kokia
(one species) and the monotypic Cephalohibiscus and
Lebronnecia. Additional sequences of Cienfuegosia,
Kokia, Gossypium, Gossypioides and Thespesia,
mostly derived from the works of Seelanan et al.
(1997) and Cronn et al. (2002), were incorporated
from GenBank (Appendix 1).

Outgroups were represented by one species of
Alyogyne Alef., the sister genus of Gossypieae (Pfeil
et al., 2002; Baum et al., 2004), and by species
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from eight genera of Malveae (Abutilon Mill., Alcea
L., Bastardia Kunth, Malope L., Malva L., Modiola
Moench, Sida L. and Sphaeralcea A.St.-Hil.), five
from Hibisceae (Hibiscus L., Malachra L., Mal-
vaviscus Fabr., Pavonia Cav. and Urena L.) and
three from early-diverging genera of core Malvoi-
deae (Howittia F.Muell., Lagunaria G.Don and
Radyera Bullock) (Baum et al., 2004). Sequences of
Alyogyne, Alcea, Malope, Modiola, Sphaeralcea,
Malva (except for the matK/trnK region), Howittia,
Lagunaria and Radyera were obtained from Gen-
Bank (Appendix 1); the others were generated in
this study.

MARKER SELECTION, DNA EXTRACTION, AMPLIFICATION
AND SEQUENCING

We selected five markers, three plastid and two
nuclear, for amplification and sequencing: the matK
gene with the flanking ¢rnK intron, the ndhF gene,
the rpl16 intron, the ribosomal ITS region and the
CesA1l gene (exons 3-5 and their associated introns).
These regions have been previously used in studies
involving members of Gossypieae (Seelanan et al.,
1997; Cronn et al., 2002) and have been shown to be
highly valuable for phylogenetic inference at the spe-
cies level in Malvoideae (Pfeil et al., 2002; Fuertes
Aguilar, Fryxell & Jansen, 2003; Small, 2004; Tate
et al., 2005; Tate, 2011; Koopman & Baum, 2008;
Escobar Garcia et al., 2009; Schneider et al., 2011).

Genomic DNA was extracted from dried leaf tissue
using the DNeasy plant mini kit (Qiagen). For
herbarium samples the following protocol modifica-
tions were made: 500 uL. buffer AP1 instead of
400 pL, an incubation time of 15-20 min instead of
10 min, 50 pL buffer AE instead of 100 pL and an
elution time of 10-20 min instead of 5 min. These
modifications, taken from Drabkova, Kirschner &
Vlcek (2002), improved the DNA yield from old
samples.

Due to the low quality of DNA extracted from most
herbarium samples, the three plastid regions were
amplified and sequenced in fragments of 600-800
bases each, which were subsequently assembled
manually. The ndhF gene (~2100 bp) and the matK/
trnK region (~2500 bp) were divided into three over-
lapping fragments and the rplI16 intron (~1200 bp)
was divided into two. The primer pairs used are
shown in Table 1.

The ITS and plastid sequences were obtained for
all species, except for one fragment of ndhF that
could not be amplified for T. fissicalyx Borss.Waalk.
For CesA1l, only sequences of members of Gossypieae,
the orthology of which was confirmed by comparison
with previously published sequences, were included.
CesA1l sequences obtained for outgroup species (Mal-

veae and Hibisceae) were highly discordant and were
thus excluded from the dataset.

Amplification was performed with standard poly-
merase chain reaction (PCR). Cycling conditions for
the three fragments of trnK/matK consisted of 4 min
initial denaturation at 95 °C followed by 35 cycles of
1 min denaturation at 95 °C, 1 min annealing at
48 °C and 1 min extension at 72 °C. The final exten-
sion consisted of 10 min at 72 °C. Amplification of
rpll16 and the first and second fragments of ndhF
consisted of 2 min initial denaturation at 94 °C fol-
lowed by 30 cycles of 1 min denaturation at 94 °C,
30 s annealing at 54 °C and 1 min extension at
72 °C. The final extension consisted of 5 min at
72 °C. For fragment three of ndhF the annealing
temperature was lowered to 48 °C. Cycling condi-
tions for the ITS region consisted of 2 min of initial
denaturation at 94 °C followed by 34 cycles of 20 s
denaturation at 95 °C, 30 s annealing at 55 °C and
20 s extension at 72 °C, with a final extension of
2min at 72 °C. For CesAl, the 2 min of initial
denaturation at 94 °C were followed by 35 cycles of
30 s denaturation at 94 °C, 2 min annealing at 56 °C
and 2 min extension at 72 °C. The final extension
consisted of 6 min at 72 °C.

Successful reactions were cleaned with ExoSap
(Fermentas) following the manufacturer’s instruc-
tions. Sequencing was performed in both forward
and reverse directions with the same primers used
for amplification. The reactions were run on an ABI
3130xl Genetic Analyzer (Applied Biosystems) at the
Sequencing and Genomics Facility (SGF) of the
University of Puerto Rico, Rio Piedras. The resulting
sequences were edited with Sequencher 4.8 (Gene
Codes Corp.) and deposited in GenBank under acces-
sion numbers KT966901-KT967074 (Appendix 1).

SEQUENCE ALIGNMENT AND PHYLOGENETIC ANALYSES

We aligned sequences using Saté 2.2.7 with its default
settings (Liu et al., 2012; Liu & Warnow, 2014), and
then manually adjusted in Mesquite 2.75 (Maddison &
Maddison, 2011). Certain difficult fragments were
realigned using the ‘Realign Region’ option in Gen-
eious 8.1.3 (Biomatters, Ltd). The five sets of aligned
sequences were then concatenated and analysed in
combination. We submitted this combined matrix to
Dryad http://dx.doi.org/10.5061/dryad.sv164.
Relationships among species were inferred with
maximum-likelihood (ML) and Bayesian inference.
We determined the best-fit partitioning scheme and
models of molecular evolution using PartitionFinder
1.1.0 (Lanfear et al., 2012). Protein-coding regions
were partitioned by codon position in all analyses.
The correct reading frame in these regions was
determined with Geneious 8.1.3 and the NCBI Open
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Table 1. Primers used in this study

Name Sequence (5'-3') Reference(s)

matK/trnK

trnK3914F GGGGTTGCTAACTCAACGG Cronn et al. (2002) modified from Johnson
& Soltis (1994)

matK966R  TCGATTTATTTAAACCATGCTCA This study

matK905F CCCACTTATTTTTCGGGAGT This study

matK1833R AGCCCAGAAAGTCGAGAGAA This study

matK1755F TCCTATTTTTACCTGTGGTCTCA

Sanchez Andrade (2005)

trnK2R AACTAGTCGGATGGAGTAG Johnson & Soltis (1994)

ndhF

F1 GAATATGCATGGATCATACC Seelanan et al. (1997)

R708 CCATGGCATCAGGTAACCAT This study

F679 TATTATTTGCCGGCGCAGT This study

R1460 TGGCTGCTCGTTGTTATTCA This study

F1421 TGGGGTAAAGAAGAGCAAAAA This study

R2110 CCCCCTAYATATTTGATACCTTCTCC Olmstead & Sweere (1994)
TGTAATGCCTACTCCATTTGTAATTC (alternative) This study

rpll6

F71 GCTATGCTTAGTGTGTGACTCGTTG Jordan, Courtney & Neigel (1996)

R631 CTGGTTTGTTCCGCCATC This study

F560 GCATTAATCGAGAAGCGATG This study

R1516 CCCTTCATTCTTCCTCTATGTTG Kelchner & Clark (1997)

ITS

ITS5 GGAAGTAAAAGTCGTAACAAGG White et al. (1990)

1TS4 TCCTCCGCTTATTGATATGC White et al. (1990)

CesAl

CelAlscpF CATTTGARCAAGTCTCAGGTATTGTT Cronn et al. (2002)

CelA1R GGGAACTGATCCAACACCCAGGA Cronn, Small & Wendel (1999), Cronn et al. (2002)

Reading Frame Finder tool (http:/www.ncbi.nlm.
nih.gov/gorf/gorf.html).

ML analyses were performed in RAxML (Sta-
matakis, 2006, 2014) using the application RaxmlGUI
1.3.1 (Silvestro & Michalak, 2012). Eight partitions
were specified as follows (as determined by Parti-
tionFinder): partition 1: #rnK5 intron and the 1% and
274 codon positions of exon 4 of CesAI; partition 2: the
1% and 2™¢ codon positions of matK and ndhF and the
274 codon position of exon 5 of CesAI; partition 3: the
3™ codon position of matK and ndhF; partition 4:
trnK3 and rpl16 introns and the 2™ codon position of
exon 3 of CesAlI; partition 5: the ribosomal 18S and
268 and the 1** codon position of exon 5 of CesAI; par-
tition 6: ITS1 and ITS2; partition 7: the ribosomal
5.8S and the 3™ codon position of exon 3 of CesAI; and
partition 8: each of the three introns of CesAl, the 15
codon position of exon 3 of CesAI and the 3*¢ codon
positions of exons 4 and 5 of CesA1. We conducted ten
runs using GTR as the model of nucleotide substitu-
tion to find the best ML tree. A standard (‘slow’) boot-
strap analysis was performed with 1000 replicates to
estimate clade support.

The Bayesian analysis was implemented in
MrBayes 3.2.3 (Ronquist et al., 2012) specifying the
DNA substitution model selected with PartitionFin-
der for each partition: K8luf+G for partition 1,
GTR+G for partition 2, TVM+G for partition 3,
F81+I+G for partition 4, JC for partition 5, TrNe-
f+I+G for partition 6, K80+1 for partition 7 and
HKY+G for partition 8. We performed four runs with
five million generations with four chains, sampling
trees every 1000 generations. The first 20% of trees
was discarded and a 50% majority rule consensus
tree was reconstructed from the remaining post
burn-in trees. The program Tracer 1.6.0 (Rambaut
et al., 2014) was used to verify that all runs reached
stationarity and converged on the same distribution.

DATING ANALYSES AND FOSSIL SELECTION

To estimate divergence times, we conducted a Baye-
sian relaxed molecular clock analysis with the com-
bined dataset in BEAST 2.3.0 (Drummond &
Rambaut, 2007; Drummond et al., 2012; Bouckaert
et al., 2014). Partitions were unlinked and assigned
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their corresponding substitution model parameters.
Models that cannot be set in BEAUti were specified
by editing the .xml file. The uncorrelated clock with
a lognormal distribution was selected as clock model
and the fossilized birth death (FBD) model (Heath,
Huelsenbeck & Stadler, 2014) was selected as tree
prior.

Unlike the traditional ‘node calibration’ or ‘calibra-
tion density method’ in which only the oldest fossil of
a clade is used to calibrate a node, the FBD approach
allows one to incorporate all reliable fossils known
for a lineage, which are integrated with modern taxa
to the diversification process (Heath et al., 2014).
Moreover, the FBD model does not require one to
apply arbitrary prior distributions to the calibration
nodes and seems to provide more accurate approxi-
mations of divergence times and of statistical uncer-
tainty compared with traditional approaches (Heath
et al., 2014; Grimm et al., 2015).

Based on a comprehensive literature review, we
selected 18 fossil records (see Appendix 2 for loca-
tion, age ranges, affinities and references) that can
be confidently assigned to core Malvoideae (sensu
Baum et al., 2004). The oldest corresponds to the
petrified wood Hibiscoxylon nyloticum Krausel col-
lected from Late Cretaceous deposits (88-65 Myr old)
of Egypt (Krausel, 1939) and Ethiopia (Beauchamp
& Lemoigne, 1973; Gros, 1992). The wood of H. nylo-
ticum has been related to that of the arborescent
Lagunaria patersonia (Andrews) G.Don (Krausel,
1939; as Hibiscus patersonius Andrews), one of the
early-branching genera of core Malvoideae (Baum
et al., 2004) and thus this fossil was used to date the
most recent common ancestor of the clade including
Lagunaria and the eumalvoid clade. Next oldest fos-
sil records include leaves of Malvaciphyllum
macondicus M. Carvalho from the mid- to late
Palaeocene (60-58 Myr old) of northern Colombia
(Carvalho et al., 2011) and pollen grains (species of
Malvacipollis Harris) from the mid- and late Palaeo-
cene of North America (Fredericksen, 1980; Gapon-
off, 1984).

Many fossil pollen deposits referrable to Malvoi-
deae have been recorded from the Eocene and later.
Based on certain palynological features some of these
grains can be assigned to specific tribes in the
eumalvoid clade. For instance, Malvacearumpollis
mannanensis Wood, Malvacearumpollis bakonyensis
Nagy, Baumannipollis chubutensis Barreda, Mal-
vacipollis argentina Zamaloa & Romero and Malva-
pantocolporites silvinites Mautino, Cuadrado &
Anzotegui (Appendix 2) were all assigned to Mal-
veae. These species were described from triapertu-
rate or oligoaperturate grains with spines sitting on
prominent basal cushions, features that are common
to modern members of Malveae (Christensen, 1986).

Echiperiporites estelae Germeraad, Hopping & Mul-
ler and several other polyporate ‘Hibiscus-type’
grains (Appendix 2) were assigned to Hibisceae, a
tribe characterized by having a higher number of
apertures and spines lacking (or with indistinct)
basal cushions (Christensen, 1986).

Malvocarpon clarum Hollick, a fossil known from
the Oligocene (c. 29 Myr old) of Puerto Rico (Hollick,
1928; Graham, 2003), which was described from a
schizocarpic fruit similar to that of Abutilon, was
also placed in Malveae, in the clade formed by mem-
bers of the Abutilon alliance. Fossil pollen that has
been assigned to Abutilon has been also recovered
from the same Oligocene deposits in Puerto Rico
(Graham & Jarzen, 1969; Graham, 2003), which fur-
ther supports the presence of members of the Abu-
tilon alliance during this geological epoch.

The only valid fossil record of Gossypieae of which
we are aware corresponds to recent (135 000—
120 000 years old) fossil leaves of Hawaiian cotton,
Gossypium tomentosum Nutt. ex Seem. (Woodcock &
Manchester, 1998). This fossil was placed in the
clade formed by the allopolyploid cottons (subgenus
Karpas Raf.). A fossil leaf of Hampea has been
reported from the Tertiary of Alaska (Hollick, 1936),
but due to its resemblance to several other genera
from different plant families and the fact that Ham-
pea is a Central American genus, the identity of this
record is highly questionable and thus it was not
included in our analyses.

We assigned an exponential distribution to the two
hyperparameters of the relaxed clock model. A mean
of 10.0 was set for the ucldMean.c and a mean of
0.333 was assigned to the ucldStdev.c. The priors of
the FBD model were set as follows: an exponential
distribution with a mean of 1.0 was assumed for the
diversification rate, a lognormal prior distribution
with the offset corresponding to the age of the oldest
fossil (88 Myr) was assigned to the origin time
(Mean = 1.5, SD =1.0) and a uniform (0,1) prior
distribution was assumed for both turnover and
sampling proportion.

Two independent runs were conducted in BEAST,
each with 30 million generations and sampling trees
every 1000 generations. We used the software Tracer
to inspect parameter values and confirm that both
runs converged. The sampled trees from both runs
were combined into a single file with the program
LogCombiner 2.3.0 (Rambaut & Drummond, 2014a).
The first 20% of trees was discarded and a majority
rule consensus tree was constructed from the remain-
ing post burn-in trees with TreeAnnotator 2.3.0 (Ram-
baut & Drummond, 2014b). Because fossils were only
used as calibration points for the clades of interest
and no morphological information was added, we
pruned them from the trees with the program
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Full2ExtantConvertor.jar by A. Gavryushkina (in-
cluded in the output files at http://treethinkers.org/tu-
torials/divergence-time-estimation-using-beast/).

ANCESTRAL RANGE ESTIMATION

Ancestral ranges of Thespesia and closely related
genera were inferred with the package ‘BioGeo-
BEARS’ (Matzke, 2013a) implemented in R 3.1.3 (R
Development Core Team, 2015). We used the
BayArea-like and the BayArea-like + J models
(Matzke, 2013b), and determined which of the two
best fits our data by calculating a value for the likeli-
hood ratio test (LRT). The BayArea-like model is a
simplified likelihood interpretation of the Bayesian
BayArea model of Landis et al. (2013). It assumes
dispersal, extinction, narrow and widespread sympa-
try, but not vicariance (Matzke, 2013b). BayArea-
like and BayArea-like + J models include the free
parameters: d (dispersal or range expansion) and e
(extinction or range contraction), but the BayArea-
like + J model also includes the parameter J that
accounts for founder-event speciation (Matzke,
2013b, 2014a).

Thespesia spp. and the genera included in the sis-
ter clade were assigned to three major geographical
areas: Africa including Madagascar (area A); South-
east Asia and Oceania (area B); and America (area
C). From the maximum clade credibility tree inferred
with BEAST, we extracted the clade containing those
genera and used it as the input tree in BioGeoBEARS.
The probabilities of the ancestral states obtained
with the best-fitting model were drawn as pie charts
at the nodes of this tree.

Biogeographical events were counted with a bio-
geographical stochastic mapping analysis (Matzke,
2014b). We performed 500 stochastic mapping simu-
lations using the best-fitting model to obtain the
number of anagenetic (dispersal) and cladogenetic
(sympatry and founder) events.

RESULTS
PHYLOGENETIC RELATIONSHIPS

In total, 174 new sequences were generated in this
study (39 matK/trnK, 37 ndhF, 38 rpl16, 37 ITS and
23 CesAl) and 99 were incorporated from GenBank.
The combined matrix included 53 species (61 acces-
sions) and consisted of 7630 aligned characters, of
which 2681 corresponded to matK/trnK, 2094 to
ndhF, 1347 to rpl16, 800 to ITS and 708 to CesAl.
No characters were excluded from analyses. The
number of variable and constant sites, number of
species and accessions included, and percentage of
missing data for each of the five regions included in
this study and the combined dataset are presented
in Table 2.

ML and Bayesian analyses of the combined dataset
produced trees with almost identical topologies and
high support values for most of the clades. The only
difference between the two analyses was the position
of two outgroup species, Alcea rosea L. and Sphaeral-
cea angustifolia (Cav.) G.Don (Malveae), which were
recovered as sisters in the ML tree. The Bayesian
50% majority rule consensus tree with posterior
probabilities and bootstrap support values resulting
from the ML analysis is shown in Figure 5.

As revealed in previous studies, Thespesia is not
monophyletic. Our analyses separated the species
into two groups, which correspond to the two sec-
tions of the genus, sections Thespesia and Lampas.
The species of T'. section Thespesia formed a strongly
supported clade [bootstrap support (BS) = 100%, pos-
terior probability (PP) = 1], which was subdivided
into two clades: one comprising African species
[T. gummiflua Capuron, T. danis, T. acutiloba
(Baker f.) Exell & Mendonga and 7. garckeanal; and
the other comprising the New World and the remain-
ing Old World species. The three Greater Antilles
endemics (7. cubensis, T. beatensis and T. grandi-
flora) formed a clade that is sister to a clade formed

Table 2. Description of individual DNA regions and the combined dataset including aligned length, number of variable
and constant sites, number of species included and percentage of missing data

Region matK/trnK  ndhF rpll6 ITS CesAl Combined dataset
Position in the aligned matrix  1-2681 2682-4775 4776-6122 6123-6922 6923-7630 1-7630
Number of aligned sites 2681 2094 1347 800 708 7630
Number of constant sites 2111 1759 1052 380 567 5869
Number of variable sites 570 335 295 420 141 1761
% of variable sites 21.3 16 21.9 52.5 19.9 23.1
Number of species 52 (60) 53 (61) 49 (57) 50 (58) 29 (37) 53 (61)
(and accessions) included
% of missing data 2.2 1.1 6.3 7.7 39.1 6.6
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by the New Guinea species plus the widely dis-
tributed 7. populnea and T. populneoides (Roxb.)
Kostel. (Fig. 5).

The two species of T. section Lampas are also placed
together in a well-supported clade (BS = 100%,
PP = 1) that includes Lebronnecia, Cephalohibiscus
and Hampea. Lebronnecia is the sister genus of T sec-
tion Lampas, whereas the other monotypic genus,
Cephalohibiscus, is sister to Hampea (Fig. 5). The
encompassing clade consisting of these four taxa plus
Thespesia section Thespesia is also strongly supported
(BS = 100%, PP = 1).

The position of the remaining genera of Gossypieae
is congruent with previous phylogenetic studies:
Cienfuegosia is the earliest-branching genus and the
monophyletic Gossypium has its closest relationship
with Gossypioides and Kokia. The Gossypium—Gossy-
pioides—Kokia clade is in turn sister to the one com-
prising the above-mentioned genera (Fig. 5).

The Thai endemic Thepparatia was not related to
any member of Gossypieae. Instead, this monotypic
genus was recovered in the clade formed by species
of Hibisceae (Fig. 5).

DIVERGENCE TIMES

The maximum clade credibility tree resulting from the
partitioned analysis of the five-marker dataset using
the FBD approach with 18 fossil records is shown in
Figure 6. The analysis places the separation of 7. sec-
tion Thespesia from its sister lineage (formed by
Lebronnecia, T. section Lampas, Cephalohibiscus and
Hampea) in the Oligocene, c¢. 30 Mya [23-38 Mya, 95%
highest posterior density interval (HPD)], but extant
species did not start to diverge until the late Miocene.
The African lineage separated first from the ancestor of
all other species c. 11 (8-14, 95% HPD) Mya, whereas
the Greater Antilles lineage diverged from the mostly
Asian group about 9 (7-12, 95% HPD) Mya. With the
exception of the two sampled New Guinea species,
which split ¢. 3.8 Mya, the lineages leading to individ-
ual species of T. section Thespesia separated from each
other between 9 and 6 Mya (Fig. 6).

The divergence of the four lineages in the sister
clade of T section Thespesia occurred in the early Mio-
cene (Fig. 6). Thespesia section Lampas diverged from
Lebronnecia c. 16 (10-22, 95% HPD) Mya, although
the ancestor of the two extant species arose much
more recently, c. 3.5 Mya. Cephalohibiscus and Ham-
pea split c. 18 (12-23, 95% HPD) Mya. This last genus
began to diversify at least 7.6 (5-11, 95% HPD) Mya.

Gossypieae originated in the early Palaeocene,
c. 65 (56-75, 95% HPD) Mya, but extant genera
began to differentiate in the mid- to late Eocene, c.
41 (33-50, 95% HPD) Mya. Shortly after the separa-
tion of Cienfuegosia, the other two main lineages in

the tribe split c¢. 38 (30-46, 95% HPD) Mya. Gossyp-
ium separated from Gossypioides and Kokia in the
Oligocene, c. 28 (21-35, 95% HPD) Mya. These diver-
gence dates for Gossypieae and the included lineages
are much older than previously estimated.

Our analysis also indicated a much earlier origin
for the eumalvoids and the other two tribes in the
clade. This group originated in the late Cretaceous,
about 82 (73-89, 95% HPD) Mya, and began to diver-
sify approximately 75 (66-83, 95% HPD) Mya. The
crown groups of Malveae and Hibisceae are at least
55 (45-66, 95% HPD) and 41 (31-52, 95% HPD) Myr
old, respectively (Fig. 6).

ANCESTRAL RANGE ESTIMATION

Of the two biogeographical models tested, the one that
best fitted the phylogenetic and geographical data for
the clade comprising Thespesia and closely related
genera was the BayArea-like + J model (LnL = —21.05
vs. —29.11, LRT = 16.13, P = 0.00006). The ancestral
range estimation using this model indicates that 7.
section Thespesia most probably originated in South-
east Asia—Oceania (Fig. 7). Two founder events, one
into Africa (about 11 Mya) and another into America
(2 My later), gave rise to the African and the Ameri-
can (Antillean) species, respectively.

As expected given their present distribution,
Lebronnecia, T. section Lampas and Cephalohibiscus
also originated in Southeast Asia—Oceania. Another
founder event into America, which preceded the
other two, led to the origin of Hampea (Fig. 7). Asia
is also the most likely origin for the encompassing
clade, which includes these taxa plus 7. section
Thespesia.

In addition to the three founder events, the biogeo-
graphical stochastic mapping indicated two anagenetic
dispersals (Table 3). These correspond to the dispersal
of T. populneoides, most probably from Southeast Asia
to Africa and of T. populnea from Asia to Africa and to
America (Fig. 7).

DISCUSSION

PHYLOGENETIC RELATIONSHIPS AND DELIMITATION OF
THESPESIA

The ML and Bayesian analyses of the combined
five-marker dataset largely corroborated the phyloge-
netic relationships revealed in previous studies for the
genera of Gossypieae (Seelanan et al., 1997) and pro-
vided resolution for some previously unresolved rela-
tionships. Specifically, our analyses confirmed the
non-monophyly of Thespesia, clarified the branching
order of the clade including Lebronnecia, Hampea and
T. section Lampas, and confirmed the sister relation-
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Figure 5. Bayesian 50% majority rule consensus tree of Thespesia and tribe Gossypieae resulting from the analysis of
the concatenated dataset (¢(rnK/matK+ndhF+rpl16+ITS+CesAl). Posterior probabilities (PP) and bootstrap support (BS)

values are shown above and below branches, respectively.

The topology is nearly identical to that resulting from the ML

analysis, except for the position of Alcea and Sphaeralcea in tribe Malveae (BS values were omitted for the branches
involved). Clades containing Thespesia spp. are highlighted in grey. The arrow indicates the position of Thepparatia

thailandica in tribe Hibisceae.

ship of this group (which also includes Cephalohibis-
cus) to T. section Thespesia (Fig. 5).

Thespesia, as currently circumscribed, is biphyletic
and therefore its boundaries need to be redefined.
Thespesia should be restricted to include the 14

species of T. section Thespesia, and the two species
of T. section Lampas (T. lampas and T. thespe-
sioides) need to be transferred to a different genus.
In this regard, we propose to reinstate Azanza,
which is currently included in the synonymy of
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ages.

Thespesia, to accommodate the two species in ques-
tion. Azanza was described by Alefeld (1861) to seg-
regate Hibiscus lampas Cav. on the basis of its
unbranched style (vs. branched in Hibiscus) and the
different structure of the epicalyx and calyx. Alefeld
correctly noticed that this species was in fact allied
to genera of Gossypieae (Thespesia and Gossypium),

but not similar enough to be included in any of them.
He distinguished Azanza from Thespesia mainly by
its dehiscent fruits and the numerous, glabrous seeds
per locule. However, subsequent authors who
favoured the inclusive circumscription of Thespesia
largely ignored his observations, which are here sub-
stantiated with molecular data.
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Figure 7. Ancestral ranges of Thespesia and related genera inferred with the package BioGeoBEARS using the
BayArea-like + J model. The relative probability of each of the three ancestral states is shown as a pie chart at the node
of each clade. Smaller pies at the corners represent the ancestral states immediately after the cladogenetic event.
Squares at the tips show the current distribution of species. A (blue), Africa including Madagascar; B (light green),

Southeast Asia and Oceania; C (red), America.

In addition to the characteristics noted above, Azan-
za can be differentiated from Thespesia and the
remaining genera of Gossypieae by its shrubby habit,
the presence of six to nine filiform, inconspicuous epica-
lyx bracts, a five-dentate to five-lobed calyx and the
four- or five-celled ovoid-angled capsule with 8-12 rela-
tively small seeds per locule. The sister placement of
Azanza to Lebronnecia revealed in our phylogenetic
analysis is unexpected. Lebronnecia has been tradition-
ally related to Hampea, with which it shares the three-
celled capsule, three epicalyx bracts and pale-coloured
flowers (Fryxell, 1979). With the possible exception of
the five-toothed calyx, we are not aware of morphologi-
cal synapomorphies for the Azanza—Lebronnecia clade.

The segregation of Azanza makes Thespesia a
much more cohesive, readily defined genus charac-
terized by an arborescent habit, linear epicalyx
bracts, a truncate (or at most five-denticulate) calyx
and a (four-) five-celled, oblate to subglobose, inde-
hiscent (or rarely dehiscent) capsule with one to four
seeds per locule. The indehiscent capsule, which can
be hard and woody to somewhat fleshy or coriaceous,
is an exclusive trait of Thespesia and constitutes a
synapomorphy for the genus (Fig. 8). It is present in
all species except in the Antillean 7. beatensis and
the African T. garckeana and T. gummiflua (Fig. 8).
In T. populneoides, only the exocarp splits into five
valves, whereas the internal walls remain indehis-
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Table 3. Biogeographical event counts for Thespesia and
related genera from 500 biogeographical stochastic map-
pings under the BayArea-like + J model (ML parameters:
d =0.0052, e = 0, j = 0.0594)

Biogeographical Mean of SD of event
event event counts counts
Anagenetic dispersal 2.13 0.33
Narrow sympatry 0 0

Subset sympatry 0 0
Vicariance 0 0

Founder event 3.54 0.63
TOTAL events 5.66 0.74

cent. This intermediate condition suggests that the
dehiscence in Thespesia is secondarily acquired.

In contrast to the dehiscent capsule, in which the
dispersal element is the seed, the indehiscent cap-
sules in Thespesia are variously modified to be dis-
persed as a unit by different agents. In 7. populnea,
for example, the indehiscent capsules are buoyant
and dispersed by sea currents. In T'. grandiflora, the
hanging, fleshy capsules are dispersed by bats (Fran-

cis, 1999), and the red fruits of 7. acutiloba and T.
mossambicensis are most probably attractive to
birds.

Our study also clarified the placement of the
monotypic  Cephalohibiscus and  Thepparatia.
Cephalohibiscus was the only genus of Gossypieae
for which phylogenetic information was lacking. We
found that it is more closely related to Hampea than
to any other genus of the tribe. Cephalohibiscus was
traditionally associated with Thespesia on the basis
of its five-celled fruits with many hairy seeds (Fryx-
ell, 1968, 1979) and it was even included in this
genus by van Borssum Waalkes (1966). Morphologi-
cal synapomorphies for the Cephalohibiscus—Hampea
clade are difficult to delineate, but perhaps the trun-
cate calyx, white flowers lacking a dark throat and
the patent to reflexed petals are appropriate.

The placement of Thepparatia thailandica Phuph.
in Hibisceae was not completely unexpected given its
morphology. Our sampling of Hibisceae, however,
was insufficient to determine the closest affinities of
the genus in this diverse tribe. Thepparatia was
recovered as sister to a clade comprising Hibiscus,
Pavonia, Malachra and Malvaviscus. It shares with

Cienfuegosia tripartita

B Dehiscent
B Indehiscent

Ll

|
9!

Cienfuegosia heterophylla
Gossypioides kirkii
Kokia kauaiensis

Kokia drynarioides
Gossypium raimondii
Gossypium turneri
Gossypium anomalum
Gossypium bickii
Gossypium robinsonii
Gossypium stocksii
Gossypium longicalyx
Gossypium arboreum
Gossypium barbadense
Gossypium hirsutum
Lebronnecia kokioides
Azanza lampas
Azanza thespesioides
Cephalohibiscus peekelii
Hampea trilobata
Hampea nutricia
Hampea appendiculata
Hampea mexicana
Thespesia gummiflua
Thespesia danis
Thespesia acutiloba
Thespesia garckeana
Thespesia grandiflora
Thespesia cubensis
Thespesia beatensis
Thespesia patellifera
Thespesia fissicalyx
Thespesia populneoides
Thespesia populnea

Figure 8. Ancestral state reconstruction for fruit dehiscence in tribe Gossypieae using the re-rooting method of Yang,
Kumar & Nei (1995) under an ‘ER’ model implemented in R with the phytools function rerootingMethod (Revell, 2012).
The state character for 7. populneoides was assumed to be indehiscent because the endocarp remains intact and only
the exocarp splits. The indehiscent fruit is an exclusive trait of Thespesia s.s and constitutes a synapomorphy for the

newly defined genus.
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these genera the deeply five-lobed calyx, a persistent
epicalyx of more than five bracteoles and the pen-
tacarpelar ovary. The style in Thepparatia, however,
has been described as undivided (Phuphathana-
phong, 2006), a condition that is not present in
Hibisceae. The style was probably not fully developed
in the flowers used for description, as it was also
included in the staminal tube. Protandrous flowers
are not unusual in Malvaceae.

DIVERGENCE TIMES AND HISTORICAL BIOGEOGRAPHY

Our dating analyses and ancestral range estimates
indicate that Thespesia s.s. originated c¢. 30 Mya in
Southeast Asia and began to diversify c¢. 11 Mya with
the separation of the African lineage. The current
distribution of the five African endemics on the east
side of the continent (Fig. 2B) is indeed consistent
with an ancestral migration from Southeast Asia
westwards across the Indian Ocean.

The American (Antillean) lineage diverged c.
9 Mya and appears to have migrated across the Paci-
fic to the Greater Antilles possibly via the Pacific
North Equatorial Countercurrent. This implies that
the ancestor must have passed through the Central
American Seaway, which connected the Pacific and
the western Atlantic oceans until its closure, com-
monly regarded as occurring in the Plio-Pleistocene,
c. 3.0-3.5 Mya (Keigwin, 1978, 1982; Duque-Caro,
1990; Burton, Ling & O’Nions, 1997; Leigh, O’Dea &
Vermeij, 2014). However, recent geochronological
studies suggest that the seaway closed much earlier,
about 13-15 Mya (Montes et al., 2015). Although this
timing precedes the estimated split between the
Asian and the Antillean lineage of Thespesia by 4—
6 Myr, water exchange between the two sides of the
Panamanian Isthmus probably continued for several
million years along shallow, intermittent channels
(Bacon et al., 2015; Montes et al., 2015). These path-
ways would have allowed the movement of floating
propagules and shallow-water-dwelling organisms
between both water bodies until the full closure of
the isthmus sometime within the last 10-3 Myr
(Bacon et al., 2015). In Thespesia, the propagules
were most probably indehiscent, buoyant fruits
(Fig. 8) capable of withstanding prolonged exposure
in saltwater.

By the time the Antillean ancestor diverged from
the Asian lineage c. 9 Mya, the northern Greater
Antilles were already separated (Graham, 2003; Itur-
ralde-Vinent, 2006). Additionally, it is probable that
portions of these were still submerged, so rather
than three main islands there were possibly a
greater number of smaller emergent land areas
(Iturralde-Vinent, 2006). It is difficult to ascertain to
which of these islands the common ancestor of the

Greater Antillean endemics may have arrived. How-
ever, based on fruit morphology, the present distri-
bution of the three species and palaeogeographical
information, we infer that the ancestor most proba-
bly reached the south-eastern part of Cuba. This
assumption is based on the following. (1) The ances-
tor should have had indehiscent oblate, woody fruits
similar to those present in the Asian clade. Thespesia
cubensis is the only Antillean endemic species with
such fruits, whereas T. grandiflora has fleshy, ani-
mal-dispersed fruits and 7. beatensis has dehiscent
fruits. (2) The south-eastern part of Cuba remained
subaerial throughout the Miocene and thereafter and
had a much larger land area compared to other
islands such as Puerto Rico. In addition, most of the
southern Peninsula of Barahona in Hispaniola,
including Beata Island (where T. beatensis is ende-
mic), was submerged during this period of time (Itur-
ralde-Vinent & MacPhee, 1999; Iturralde-Vinent,
2006).

The lineage leading to T. grandiflora diverged
from the ancestor of T. cubensis and T. beatensis
about 8 Mya (Fig. 6), and would have migrated from
eastern Cuba to Puerto Rico. Thespesia grandiflora
is morphologically and ecologically the most diver-
gent of the three Antillean endemics (Fig. 1C), which
is consistent with a longer time of isolation. A second
over-water migration should have occurred from
Cuba to southern Hispaniola to give rise to 7. beat-
ensis. Although prevailing surface currents in the
Caribbean would make the eastward movement unli-
kely, drifting buoy data show considerable variation
in space and time in the circulation patterns in the
region (Gyory, Mariano & Ryan, 2016), some of it in
the form of eddies which could float propagules from
Cuba to the other Antilles.

Thespesia beatensis diverged from T. cubensis
c. 6 Mya (Fig. 6). By this time, Beata Island was still
underwater and remained so probably until the Qua-
ternary, c¢. 2 Mya (Iturralde-Vinent & MacPhee,
1999). This implies that 7. beatensis (or an extinct
ancestor) should have had a wider distribution in
southern Hispaniola or elsewhere. At some point it
became extinct on the larger islands, surviving only
on Beata Island.

The two most widely distributed Thespesia spp.
are the hydrochorous 7. populnea and T. popul-
neoides (Figs 2, 7). Our analyses reveal that they
most probably originated in Southeast Asia—Oceania
from where they spread via water dispersal to Africa
and America. Thespesia populneoides occurs along
the coasts of the Indian Ocean and tropical western
Pacific. In Africa, it is a relatively common seashore
species along the east coast including Madagascar
and nearby islands, but, except for a few collections
from Senegal, it is absent from the Atlantic coast
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(Fig. 2B). This distribution pattern agrees with a
westward expansion of the species from Southeast
Asia across the Indian Ocean. The collections from
Senegal are all from the Delta du Saloum National
Park [Lykke et al. 616 (AAU, NY), Madsen 2794
(AAU), Madsen et al. 3034 (AAU)], an area domi-
nated by savannas and mangroves, but also impacted
by human activity (Lykke, 1994). We do not have an
explanation for the presence of this species in this
part of Africa other than human intervention. Thes-
pesia populneoides, like T. populnea, is valued for
wood and medicinal uses and may have been intro-
duced. Indeed, several unambiguously exotic tree
species of ethnobotanical value (e.g. Anacardium
occidentale L., Azadirachta indica A.Juss and
Tamarindus indica L.) also occur in the Park, partic-
ularly where villages have been abandoned (Lykke,
1994). Another collection from West Africa [Benin:
Chevalier 23087 (P)] is probably also from a culti-
vated plant.

The nearly pantropical T. populnea is most common
along the shores of the tropical Pacific Islands where
it may have been spread by their inhabitants (Friday
& Okano, 2006). It is also common in the West Indies
and along the continental coasts of the Caribbean. By
contrast, it is sparsely distributed along the coast of
mainland Africa (Fig. 2B). Unlike T. populneoides,
this species is absent from the east coast of Africa,
although it can be found in Madagascar, Mauritius,
the Seychelles and other islands of the Indian Ocean.
This distribution suggests that 7. populnea has also
expanded its range westwards across the Indian
Ocean, but to a lesser extent than 7. populneoides.
The greatest range expansion of T. populnea occurred
in the opposite direction, across the Pacific to Central
America and the Caribbean. The relatively isolated
and presumably native populations along the west
coast of Africa are most probably due to recent disper-
sal from America across the Atlantic. Population
genetic studies interpreted in the light of ocean cur-
rents are necessary to explore this hypothesis,
although human intervention cannot be ruled out.

Overall, our estimates of divergence dates for gen-
era of Gossypieae are nearly twice as old as those
reported by Seelanan et al. (1997), who used ndhF
sequence divergence estimates assuming a strict
molecular clock. To calibrate the clock, Seelanan
et al. (1997) used a mean rate of 5 x 10 1° substitu-
tions per site per year, which was calculated from
general rate estimates for plastid genes compiled by
Palmer (1991). However, our analysis of the com-
bined dataset in BEAST indicated no support for a
strict molecular clock (ucldStdev = 0.36, 0.28-0.46
95% HPD). A separate analysis for the ndhF
sequences also revealed moderate levels of variation
across branches (ucldStdev = 0.37, 0.20-0.55 95%

HPD), indicating that the evolution of this gene is
not strictly clock-like. The assumption of a strict
molecular clock and the use of a rough estimate of
substitution rate as a method of calibration may
have contributed to the underestimated divergence
times reported by Seelanan et al. (1997).

Even though our estimates for the age of Gossyp-
ieae and the genera in this tribe are much older than
previously reported, long-distance oceanic dispersal
is still an important process in determining the
pantropical distribution of the tribe. The lineages
leading to the majority of genera differentiated in
the Oligocene and Miocene, when continents were
already separated and had attained the main fea-
tures of their present configuration. The early diver-
gence of Cienfuegosia c. 41 Mya (Fig. 6), however,
might be associated with vicariance, coincident with
the opening of the Drake passage which separated
South America from Antarctica-Australia (Scher &
Martin, 2006; see below). Cienfuegosia is essentially
South American with only eight of ¢. 30 species in
Africa (Krapovickas, 2003). Its sister clade, which
includes the remaining genera of the tribe, is pre-
dominantly Palaeotropical-subtropical. The only
strictly Neotropical genus in this clade is Hampea,
which originated much later as result of one disper-
sal event from Southeast Asia-Oceania to Central
America, as indicated by our ancestral range estima-
tion analysis (Fig. 7). Gossypium, like Thespesia, also
has species in America, but these are derived from
Old World ancestors (Wendel, Brubaker & Seelanan,
2010). This essentially disjunct distribution of the
two deepest sister clades of Gossypieae and a diver-
gence time estimate that coincides with a major geo-
physical event strongly suggest that vicariance
might have played a major role early in the history
of the tribe.

Our estimates for the origin and diversification of
the eumalvoids and tribes Malveae and Hibisceae
are also much older than those reported in previous
studies (Koopman & Baum, 2008). Our analysis
placed the radiation of this group in the Late
Cretaceous, c. 75 Mya, whereas the crown groups of
Malveae and Hibisceae are at least 55 and 41 Myr
old, respectively. Koopman & Baum (2008) dated the
radiation of the eumalvoids at c¢. 20 Mya and of
Malveae and Hibisceae at 11-14 and 15-19 Mya,
respectively, age estimates that are notably young
for these diverse, worldwide-distributed groups (the
eumalvoids comprise c¢. 1800 species in 111 genera,
of which c. 1040 belong to Malveae and c. 630 to
Hibisceae). Their analysis relied on two fossil calibra-
tions, the oldest of which, pollen of Echiperiporites
estelae from the mid- to late Eocene of Venezuela,
was used to fix the minimum age of core Malvoideae
at 40 Mya.
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Echiperiporites estelae is often mentioned in the
literature of Malvaceae as the oldest fossil pollen for
Malvoideae (Wendel & Albert, 1992; Seelanan et al.,
1997; Pfeil et al., 2002; Baum et al., 2004; Koopman
& Baum, 2008; Carvalho et al., 2011), despite there
being other much older published records (e.g. Mal-
vacipollis spp. from the late Palaeocene of North
America, Gaponoff, 1984). It has, moreover, palyno-
logical features that are regarded as derived in Mal-
voideae, such as large size, spheroidal shape and
large number of apertures (Germeraad, Hopping &
Muller, 1968). In fact, E. estelae pollen is similar to
that of Hibiscus, which would place it in the Hibis-
ceae clade of our phylogenetic tree, rather than at
the base of core Malvoideae. As noted by Pfeil et al.
(2002), early-diverging genera of core Malvoideae
(Radyera, Camptostemon Mast. and Pentaplaris
L.O.Williams & Standl.) have suboblate pollen
grains with few (3-10), equatorially distributed
apertures, characteristics that are indeed considered
ancestral in this group (Christensen, 1986). The dif-
ferent placement of E. estelae in our analysis and
the inclusion of a higher number of fossils, several
of which are much older than E. estelae
(Appendix 2), resulted in more realistic dates for the
origin and radiation of eumalvoids and the con-
stituent tribes.

Based on the current distribution and habitat
preference of the early-branching genera of core
Malvoideae, and the relatively recent palynological
fossil evidence, Baum et al. (2004) suggested that
the eumalvoids originated in Australasia and that
oceanic dispersal played the most important role
early in the history of the group. Our much older
dates for the origin and radiation of the eumalvoids
however, indicate that vicariance may have also
contributed to the worldwide distribution and
diversification of the group. During the late Creta-
ceous, land connections existed between high-lati-
tude land masses, notably between Australia and
Antarctica and between Antarctica and South
America (Scotese, 2004; Reguero et al., 2013). The
much warmer climate at the time may have
favoured the migration of early malvoids across
these corridors, contributing in this way to their
range expansion. The complete separation of
Antarctica, first from South America by the mid- to
late Eocene, c. 45-40 Mya (Scotese, 2004; Scher &
Martin, 2006), and then from Australia by the late
Eocene to early Oligocene, c¢. 35-33 Mya (Stickley
et al., 2004), would have isolated the populations
which subsequently differentiated into several lin-
eages that radiated worldwide. Future analyses
that include more species of eumalvoids will
certainly shed further light on the processes behind
the diversification of this group.

TAXONOMIC TREATMENT

Azanza Alef. in Bot. Zeitung 19: 298. 1861.

Type: Azanza lampas (Cav.) Alef. (Hibiscus lampas
Cav.)

Erect shrubs up to 3.5 m, with a sparse to dense
vestiture of stellate hairs. Leaves petiolate; stipules
lanceolate to subulate, caducous; blade ovate to sub-
orbicular, cordate to subtruncate at base, entire or
three-palmately-lobed, with an abaxial nectary on
the midrib. Flowers showy, solitary in the axils or in
pauciflorous sympodial inflorescences. Pedicel sur-
mounted by three rounded nectaries. Epicalyx of six
to nine triangular to filiform, inconspicuous bracte-
oles, caducous or sometimes persistent. Calyx
broadly cupuliform, five-dentate to five-lobed, persis-
tent, the teeth triangular to subulate, up to 15 mm,
trinerved. Corolla bright yellow, with a conspicuous
maroon centre. Staminal column included, antherif-
erous throughout. Carpels (three) four or five; style
undivided, the four or five stigmatic lobes decurrent.
Capsule (tri-) tetra- or pentalocular, dehiscent,
ovoid-angled, woody. Seeds 8-12 per locule, small
(4-6 mm), glabrous or with sparse, appresed short
hairs.

Azanza lampas (Cav.) Alef. in Bot. Zeitung 19:
298. 1861 = Hibiscus lampas Cav., Diss. 3: 154 (t. 56,
f. 2). 1787 = Thespesia lampas (Cav.) Dalzell ex Dal-
zell & A.Gibson, Bombay Fl. 19. 1861 = Bupariti lam-
pas (Cav.) Rothm. in Feddes Repert Spec. Nov. Regni
Veg. 53: 7. 1944. TYPE: PHILIPPINES, ‘Hibiscus
lampas c. no. 46’, 7 Mar 1786, Sonnerat s.n. [holotype:
P-JU #12356A (photograph!, IDC microfiche #915-A3);
holotype fragment: NY (photograph!)].
= Hibiscus tetralocularis Roxb., Hort. Beng. 97. 1814,
nom. inval., nom. nud.; Fl. Ind. 3: 198. 1832. TYPE:
INDIA, ‘Coromandel’, Roxburgh s.n. [lectotype, desig-
nated by van Borssum Waalkes, 1966: 116: K (n.v.)].
= Hibiscus callosus Blume, Bijdr. F1. Ned. Ind. 2: 67.
1825. TYPE: INDONESIA, ‘Java’, Blume s.n. [lecto-
type, designated by van Borssum Waalkes, 1966: 116:
P (photograph!); isolectotypes: L (x2, photographs)].
= Pariti gangeticum G.Don, Gen. Hist. 1: 485. 1831,
‘Paritium’ = Hibiscus gangeticus Roxb. ex Wight &
Arn., Prodr. FL. Ind. Orient. 1: 49. 1834, nom. inval.,
pro syn. (non Hibiscus gangeticus Willd. 1814).
TYPE: INDIA, ‘Hibiscus gangeticus’, Roxburgh s.n.
[lectotype, here designated: K (photograph!); isolecto-
type: BR (photograph!)].
= Thespesia sublobata Blanco, Fl. Filip., ed. 2, 382.
1845. TYPE: PHILIPPINES, ‘Luzon, Prov. of Rizal,
Antipolo’, 13 Oct 1913, Merrill: Spec. Blanc. 561
[neotype, designated by van Borssum Waalkes, 1966:
116: GH!; isoneotypes: BO (n.v), K (photograph!), L
(n.v.), MO!, NY!, P (x2, photographs!), US!].
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= Azanza zollingeri Alef. in Bot. Zeitung 19: 298.
1861 = Abelmoschus zollingeri (Alef.) Miill.Berol. in
Ann. Bot. Syst. 7: 407. 1868. TYPE: INDONESIA,
‘Java’, Zollinger 1203 [lectotype, here designated:
BM (photograph!); isolectotype: P (photograph!)].

= Azanza acuminata Alef. in Bot. Zeitung 19: 299.
1861 = Abelmoschus acuminatus (Alef.)
Mill.Berol. in Ann. Bot. Syst. 7: 407. 1868. TYPE:
INDIA, ‘Terra Canara, prope urbem Mangalor’, 1849
[1847], Hohenacker 388 [lectotype, here designated:
BM (photograph!); isolectotypes: L (n.v.), P
(photograph!)].

= Thespesia lampas var. longisepala Borss.Waalk. in
Blumea 14: 118. 1966. TYPE: INDONESIA, SE Bor-
neo, Martapura, Ramali 1930 = bb. 629 [holotype:
BO (n.v.)l.

Azanza thespesioides (Benth.) F.Areces, comb.
nov. = Fugosia thespesioides Benth., F1. Austral. 1:
220. 1863 = Hibiscus thespesioides R.Br ex Benth., F1.
Austral. 1: 220. 1863, nom. inval., pro syn. = Gossyp-
ium thespesioides (Benth.) F.Muell.,, Fragm. Phyt.
Austral. 9: 127. 1875 = Cienfuegosia thespesioides
(Benth.) Hochr., Ann. Cons. Jard. Bot. Geneve 6: 58.
1902 = Notoxylinon thespesioides (Benth.) Lewton in
J. Wash. Acad. Sci. 5: 306. 1915 = Thespesia lampas
var. thespesioides (Benth.) Fryxell in Aust. J. Bot. 13:
97. 1965 = Thespesia thespesioides (Benth.) Fryxell,
Nat. Hist. Cotton Tribe: 99. 1979. TYPE: AUSTRA-
LIA, ‘N Coast, Island 7Z’, 24 Feb 1803, Brown 5139
[lectotype, designated by Fryxell 1965: 97: BM (pho-
tograph!); isolectotypes: BM (photograph!), BRI (n.v.),
CANB (n.v.), K (x2, photographs!), MEL (n.v.), P
(photograph!), PERTH (n.v.)].
= Fugosia flaviflora F.Muell., Fragm. Phyt. Austral.
5: 44. 1865 = Gossypium flaviflorum (F.Muell.)
Todaro, Relaz. 105. 1877 = Hibiscus flaviflorus
(F.Muell.) Kuntze, Revis. Gen. Pl. 1: 69. 1891 =
Cienfuegosia flaviflora (F.Muell.) Hochr., Ann. Cons.
Jard. Bot. Geneve 6: 56. 1902 = Notoxylinon flaviflo-
rum (F.Muell.) Lewton in J. Wash. Acad. Sci. 5: 307.
1915. TYPE: WESTERN AUSTRALIA, ‘Glenelg
River’, Martin 6 [holotype: MEL (n.v.)].

Thespesia Sol. ex Corréa in Ann. Mus. Natl. Hist.
Nat. 9: 290. 1807, nom cons. = Bupariti Duhamel,
Semis Plantat. Arbres, Add.: 5. 1760, nom rej. = Par-
iti Adans., Fam. Pl. 2: 401. 1763, nom. illeg.

Type: Thespesia populnea (L.) Sol. ex Correa
[Hibiscus populneus L., Bupariti populnea (L.)
Rothm.].
= Montezuma DC., Prodr. 1: 477. 1824. Type: Mon-
tezuma speciosissima DC. (= Thespesia grandiflora
DC.).
= Maga Urb., Symb Antill. 7: 281. 1912. Type: Maga
grandiflora (DC.) Urb. (Thespesia grandiflora DC.).

= Ulbrichia Urb. in Dansk Bot. Ark. 4 (7): 7. 1924.
Type: Ulbrichia beatensis Urb. [Thespesia beatensis
(Urb.) Fryxell].

= Shantzia Lewton in J. Wash. Acad. Sci. 18: 15.
1928. Type: Shantzia garckeana (F.Hoffm.) Lewton
(Thespesia garckeana F.Hoffm.).

= Armouria Lewton in J. Wash. Acad. Sci. 23: 64.
1933. Type: Armouria beata Lewton [Thespesia beat-
ensis (Urb.) Fryxell].

= Atkinsia R.A.Howard in Bull. Torrey Bot. Club 76:
97. 1949. Type: Atkinsia cubensis (Britton & P.Wil-
son) R.A.Howard [Maga cubensis Britton & P.Wilson,
Thespesia cubensis (Britton & P.Wilson) J.B.Hutch.].
= Thespesiopsis Exell & Hille. in Mendonca, Contrib.
Conhec. Fl. Mocamb. 2 (Estud., Ens. & Docum. 12):
55. 1954. Type: Thespesiopsis mossambicensis Exell
& Hille. [Thespesia mossambicensis (Exell & Hillc.)
Fryxell].

Tall shrubs or small trees to trees up to 30 m,
with a vestiture of scales or stellate hairs. Leaves
petiolate; stipules lanceolate to subulate, caducous;
blade ovate to deltoid, cordate to subtruncate at
base, entire or less often three- to five-palmately-
lobed, usually with an abaxial nectary on the mid-
rib, sometimes with domatia at the base. Flowers
showy, solitary in the axils, sometimes grouped ter-
minally by reduction of the internodes. Pedicel
often articulate, erect or occasionally drooping. Epi-
calyx of 3-27 linear to lanceolate bracteoles, persis-
tent or caducous. Calyx cupuliform, truncate, entire
to five-denticulate (the teeth rarely subulate and
long), persistent (rarely caducous). Corolla yellow,
less often white or deep rose, usually with a dark
red centre. Staminal column included (rarely
exserted), antheriferous throughout or in distal
half. Carpels (four) five; style undivided, the four
or five stigmatic lobes decurrent. Capsule (tetra-)
pentalocular, indehiscent or rarely dehiscent, oblate
to globose or less commonly ovoid, woody to
coriaceous or sometimes fleshy. Seeds one to four
per locule, large (7-15 mm), glabrous to densely
pubescent.
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