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Croton is one of the most diverse genera of flowering plants in Madagascar, with >150 endemic species encountered
in nearly all vegetation types. This study focuses on the evolutionary history of Croton in the western Indian Ocean
region (WIOR), which includes Madagascar, the Comoro Islands and the Mascarene Islands, and aims to resolve
species relationships and the biogeographic history of the genus there. We obtained nuclear ribosomal internal tran-
scribed spacer and plastid (matK, trnH-psbA and trnL-F) sequence data for 71, or close to half, of the Croton spp. in
the WIOR and 15 other Old World species and seven New World species. We analysed them phylogenetically using
Bayesian and maximum likelihood criteria and performed an ancestral state reconstruction of their geographical
distributions. Our results show general support for a single origin of Croton on Madagascar from Africa. This was
followed by an extensive radiation into nearly all available habitats in Madagascar and subsequent dispersal events
out of Madagascar, including two back colonizations to Africa, one or more dispersals to the Comoro Islands and a
single dispersal to the Mascarene Islands.
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INTRODUCTION

Croton L. (Euphorbiaceae) is one of the ten largest
genera of flowering plants, comprising >1200 species
(Govaerts, Frodin & Radcliffe-Smith, 2000; Frodin,
2004). As a result of a broad molecular survey by Van
Ee, Riina & Berry (2011), Croton was separated into
four subgenera, three of which are restricted to the
New World, whereas the fourth, C. subgenus Croton,
appears to be an entirely Old World clade. The pos-
sibility of a monophyletic Old World clade suggests a
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single origin for Old World Croton from the New World
(Berry et al., 2005).

In the Old World, Madagascar hosts one of the most
diverse and threatened floras in the world (Ganzhorn
et al., 2001). As of early 2012, the estimated num-
ber of plant species on the island was 11350 with
10839 of these considered to be native (Madagascar
Catalogue, 2013). With c. 150 species on Madagascar
(all endemic there), Croton accounts for nearly 1.5%
of all plant species on the island (Schatz, 2001).
It is among the three most species-rich genera in
Madagascar, with Dombeya Cav. (Malvaceae; c. 180
species) and Diospyros L. (Ebenaceae; c. 100 described
and many undescribed species; Schatz, 2001). Croton
can be found in essentially all vegetation types in
Madagascar, ranging from the arid south-west to the
moist north-east (Grubb, 2003) and from sea level to
the highest peaks of the island. It is a major component
of the dry forests in southern Madagascar (Sussman

© 2017 The Linnean Society of London, Botanical Journal of the Linnean Society, 2017, 183, 532—-544 532

20z Iudy gz uo 1senb Aq ¥£/6€/€/2ES/P/€8 1 /8101B/UBSUUINOG/WOD ANO"DIWBPEDE//:SARY WO} POPEOJUMO]


mailto:peberry@umich.edu?subject=

CROTON IN THE WESTERN INDIAN OCEAN 533

& Rakotozafy, 1994; Grubb, 2003) and in the eastern
lowland rainforests (Dumetz, 1999; Klanderud et al.,
2010).

Croton is generally characterized by a dense covering
of stellate or lepidote trichomes, conspicuous petiolar
and/or laminar glands, clear to coloured sap, unisexual
flowers and orange senescent leaves. Croton spp. in
Madagascar are all woody trees or shrubs and many
have opposite or pseudo-verticillate leaves, which is
unusual outside the region. Several species also differ
from most New World species in having well-developed
petals in the pistillate flowers. Species delimitation in
Malagasy Croton is in many cases unclear and notori-
ously difficult; this is due to incomplete material for
assessing the range of characters and to individuals
exhibiting intermediate morphological characters
(Leandri, 1939).

Jacques Leandri was the foremost botanist to work
on western Indian Ocean region (WIOR) Croton spp.
He worked at the Paris herbarium, which has the
most complete collection of botanical specimens from
the region, and he also made several field excursions
to Madagascar to observe the genus in situ. He pro-
duced a comprehensive treatment of WIOR Croton
(Leandri, 1939) in which he recognized 94 species in
18 informal taxonomic groups, rather than trying to
place them into the formal sections that were recog-
nized by Henri Baillon (1858) and Miiller Argovensis
(1866). His groups were defined by characters such
as the number of stamens in staminate flowers, the
type of indumentum of leaf undersides, the pres-
ence or absence of petals in the pistillate flowers,
and the size and shape of the leaves. He was clearly
aware that more studies, both within and outside
of the region, would be required to determine how
accurately these groups might reflect true affini-
ties among the species. By the time Leandri pub-
lished his last papers on Malagasy Croton in 1973,
he had increased the total of accepted Croton spp.
from Madagascar, the Comoro Islands and the
Mascarenes to 137 (Leandri, 1948, 1969, 1970a, b,
1972a, b, 1973a, b, c).

Grady Webster (1993) provided a revised worldwide
synopsis of Croton, which relied heavily on the classifi-
cation of Baillon (1858). Webster’s synopsis divided the
genus into 40 sections and a few subsections. Among
these, nine sections were represented in the WIOR.
Five of these were restricted to the WIOR, namely
Croton sections Andrichnia Baill., Anisophyllum
Baill., Decapetalon Mull.Arg., Klotzschiphytum
(Baill.) Baill. and Monguia Baill. The others, includ-
ing C. sections Cyclostigma (Griseb.) Mull.Arg. and
Argyrocroton (Miull.Arg.) G.L.Webster, included spe-
cies from the New World or other parts of the Old
World, with species from Madagascar. A detailed
molecular and morphological study by Riina, Berry &

Van Ee (2009) showed that the Malagasy tree species
Croton goudotii Baill. and Croton mongue Baill. do not
belong to the largely New World arborescent group of
Croton section Cyclostigma but are instead conver-
gent in their habit and floral characters. Likewise, Van
Ee et al. (2011) showed that the New World species
that Webster (1993) had ascribed to Croton section
Argyrocroton belong to different New World sections,
leaving C. section Argyrocroton entirely Old World in
distribution. A further drawback to Webster’s system
was that he left many Old World species unassigned
to section in his treatment, due to his avowed lack
of familiarity with Croton from Africa, Madagascar
and Asia.

The late Alan Radcliffe-Smith, Old World
Euphorbiaceae expert at the Royal Botanic Gardens,
Kew, left behind in 2002 a manuscript on Croton
from Madagascar and the Comoro Islands that
included 150 native species and 146 varieties, with
26 new species, three new subspecies and 113 new
varieties proposed. However, there were numer-
ous unresolved issues with the manuscript, so it
was left unpublished until Martin Cheek decided
to deposit three copies of a slightly revised version
at three botanical libraries in London. As evidenced
by the listing of the new names in the IPNI online
database (www.ipni.org), this qualifies as an effec-
tive publication, as of 23 December 2016 (Radcliffe-
Smith, 2016). Based on our own more comprehensive
review of Croton worldwide (Berry et al., 2005; Van
Ee et al., 2011; Van Ee, Forster & Berry, 2015) and
of the WIOR in particular (Berry & Van Ee, 2011;
Berry, Van Ee & Haber, 2011; Berry et al., 20164, b;
Kainulainen et al., 2016), we anticipate that >90%
of the new names published by Radcliffe-Smith will
end up in synonymy due to oversplitting or mis-
placement under incorrect species.

All molecular phylogenetic studies to date that
have included WIOR species have recovered them
as a monophyletic group, although none of these has
included >20 species from the region (Berry et al.,
2005; Riina et al., 2009; Van Ee et al., 2011, 2015).
Our current project has involved a detailed review of
existing herbarium specimens, several field trips to
Madagascar and extensive DNA sequencing of freshly
collected material and herbarium specimens. Our
overall aim is threefold: (1) to revise the species-level
taxonomy of WIOR Croton spp.; (2) to evaluate the
phylogenetic relationships among the WIOR species
and (3) to determine the biogeographic history of the
group in relation to Africa and other parts of the world.
This particular study focuses on the last two of these
aims, attempting to determine whether the WIOR
Croton spp. form a monophyletic group and if there is
any evidence of dispersal of Croton out of Madagascar
to other parts of the world.
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MATERIAL AND METHODS
TAXON SAMPLING

To infer the evolutionary relationships of western
Indian Ocean Croton spp. and their relationship with
Croton spp. from other parts of the world, we included
as many taxa from Madagascar and the surround-
ing islands as possible. During two collection trips to
Madagascar in 2009, we collected nearly 200 voucher
specimens and silica gel-dried samples of Croton for
DNA analysis. We also sampled specimens from five
herbaria (K, MO, P, TAN and WIS). One hundred
accessions from 71 Croton spp. from Madagascar and
the surrounding islands were included in this study,
including 11 undescribed species. This sampling rep-
resents c. 50% of the total diversity of Croton in the
WIOR. For the rest of the Old World, 15 representa-
tive species were sampled from Africa, Australia and
Southeast Asia, out of 68 non-WIOR Old World species
analysed by Van Ee et al. (2015). That study, which con-
cluded among other things that Old World Croton spp.
are monophyletic and suggested that the Madagascan
species are part of a clade sister to a subset of African
species, included 16 species from Madagascar, in an
inverse proportion to the sampling here (16 species
from Madagascar and 68 non-WIOR Old World spe-
cies, compared to 71 species from Madagascar and
15 non-WIOR Old World species in this study). Seven
New World Croton spp., representing the three exclu-
sively New World subgenera (Van Ee et al., 2011), were
selected as outgroup taxa to the Old World Croton
spp. Following the findings of Berry et al. (2005) and
Wurdack, Hoffmann & Chase (2005), Astraea lobata
(L.) Klotzsch and Brasiliocroton mamoninha P.E.Berry
& Cordeiro were used as outgroups to Croton. Details
of the sampling and voucher specimens are given in
Supporting Information Table S1. All of our cited spec-
imens are available in the Tropicos database (www.
tropicos.org), including photographs of many of the
collections from Madagascar.

DNA EXTRACTION, AMPLIFICATION AND SEQUENCING

Total genomic DNA was extracted from silica gel-
dried specimens and fragments sampled from existing
herbarium specimens using the Qiagen DNeasy Plant
Mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer’s protocol. For herbarium specimens,
the warm incubation step was lengthened to 1 h while
mixing at 1200 r.p.m. to ensure cell lysis, and the cold
incubation step was lengthened to overnight to precip-
itate most of the polysaccharides and proteins. Seven
DNA regions, the nuclear ribosomal internal tran-
scribed spacer (ITS), exon 9 of the low-copy nuclear
gene EMBRYO DEFECTIVE 2765 (EMB2765), the
plastid regions matK, trnL-F (trnLV*A-trnLV4A-trnFG44),

trnH(%Y%)-psbA and psbK-psbl and the mitochondrial
intron rps3 were tested on a subset of specimens for
ease of amplification and number of informative sites.
Of these, ITS, matK, trnL-F and trnH-psbA were cho-
sen for this study. Polymerase chain reaction (PCR)
amplifications were performed using the following
primers: ITSi (Urbatsch, Baldwin & Donoghue, 2000),
ITS2, ITS3 and ITS4 (White et al., 1990; ITS2 and
ITS3 only used when ITSi-ITS4 failed to amplify) for
ITS; trnK570F, matK1710R (Samuel et al., 2005) and
matK353F (5" TTTGGAAAGGTCGGAGACAGT 3,
newly designed), for matK;c, d, e and f (Taberlet et al.,
1991; d and e only used when ¢ and f failed to amplify)
for trnL-F and psbAf (Sang, Crawford & Stuessy,
1997) and trnH2 (Tate & Simpson, 2003) for ¢rnH-
psbA. The plastid regions were amplified using Ex
Taq polymerase (Takara Bio Inc., Otsu, Shiga, Japan)
and standard PCR settings, whereas ITS was ampli-
fied using Qiagen Taq polymerase (Qiagen, Valencia,
CA, USA). The following touchdown PCR protocol was
used for ITS: an initial denaturing step at 95 °C for
2 min followed by 46 cycles of denaturing at 95 °C for
1 min, annealing of 1 min at 65 °C for 1 cycle, 64 °C
for 2 cycles, 63 °C for 3 cycles, 62 °C for 4 cycles, 60 °C
for 5 cycles, 57 °C for 6 cycles and 55 °C for 25 cycles,
a 1-min elongation step at 72 °C for each of the 46
cycles and a final 15-min elongation step at 72 °C.
PCR products were purified using ExoSap-IT (USB
Corporation, Cleveland, OH, USA.) and sequenced on
an ABI 3730 XL sequencer (Applied Biosystems, ABI,
Foster City, CA, USA). Sequences were edited using
Sequencher v.4.10.1 (Gene Codes, Ann Arbor, MI,
USA).

ALIGNMENT AND PHYLOGENETIC ANALYSES

Edited sequences were aligned using MUSCLE v.3.8.31
(Edgar, 2004) with default parameters selected, and the
alignment was adjusted manually in BioEdit v.7.1.3
(Hall, 1999). DNA substitution models were evaluated
using MrAIC v.1.4.4 (Nylander, 2004; a script depend-
ent on the program PHYML v.3.0; Guindon & Gascuel,
2003); the GTR+I+G model was indicated as best-fit to
the data for ITS and the combined plastid data (matK,
trnL-F and trnH-psbA). Phylogenetic reconstructions
were done by Bayesian Markov chain Monte Carlo
inference (MCMC; Yang & Rannala, 1997), using the
program MrBayes v.3.2.6 (Huelsenbeck & Ronquist,
2001; Ronquist & Huelsenbeck, 2003) on the Cipres
Science Gateway portal v.3.3 (Miller, Pfeiffer &
Schwartz, 2010). Three data sets were analysed: (1)
ITS alone; (2) the three plastid regions combined and
(3) ITS together with the plastid data as two partitions
with unlinked model parameter estimates (except for
topology). The MCMC was run for 20 million genera-
tions (sampling every 1000th generation), of which the
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first 25% were excluded as burn-in. Effective sample
sizes of model parameters were verified using Tracer
v.1.5 (Rambaut & Drummond, 2007), and the phy-
logenetic trees were visualized using FigTree v.1.4
(Rambaut, 2012). Corresponding analyses, using the
same partitions and substitution models, were also
done in a maximum likelihood (ML) framework using
the program 1Q-tree (Nguyen et al., 2015; Chernomor,
Von Haeseler & Minh, 2016). Branch support was
assessed by 1000 standard bootstrap replicates.

Shifts in geographical distribution were analysed
by ML ancestral state reconstruction using Mesquite
v.3.1 (Maddison & Maddison, 2016). Seven geographi-
cal areas were recognized: (1) the Americas, (2)
mainland Africa and Socotra, (3) Asia, (4) Australia,
(5) Madagascar, (6) the Comoro Islands and (7) the
Mascarene Islands. To account for phylogenetic uncer-
tainty, the analysis was done across 1000 trees ran-
domly selected from the post-burn-in tree sample of
the MrBayes analysis of the combined data. The Mk1
model (equal probability of change between states) was
used, and the results were plotted as average state fre-
quencies (probability for each state at each node) on
the ML topology inferred in the I1Q-tree analysis.

RESULTS

In total, 366 DNA sequences were newly generated for
this study and have been deposited in GenBank (see
Supporting Information, Table S1). The aligned ITS
data comprise 699 base pairs (291 of them variable,
226 of these potentially informative), and the com-
bined plastid data comprise 3920 base pairs (780 vari-
able, 289 potentially informative). The phylogenetic
hypotheses inferred from the ITS data (Supporting
Information, Figs S1, S3) and the combined plastid
data (Supporting Information, Figs S2, S4) show few
moderately or strongly supported clades, i.e. those with
a posterior probability (pp) of >0.95 (Bayesian analy-
ses) or a bootstrap support (bs) of >70% (ML analy-
ses). The results of the Bayesian and ML methods of
phylogenetic reconstruction are similar and produced
no strongly supported incongruences. The nuclear and
plastid phylogenetic trees are generally congruent,
differing only at a few shallow and weakly supported
levels. We therefore focused our discussion on the com-
bined nuclear and plastid data analyses.

Analyses of the combined ITS and plastid DNA data
resulted in an overall increase in resolution and clade
posterior probabilities and bootstrap support (Figs 1,
S5). Croton spp. from Madagascar and neighbouring
islands were all part of a clade (WIOR clade; pp 1; bs
81%) that is sister to a clade of African and Socotran
species (Croton gratissimus Burch., Croton megalo-
carpus Hutch. and Croton socotranus Balf.f.), and

this was in turn sister to a clade comprising African
(C. megalobotrys Miill.Arg.), Asian (Croton acutifolius
Esser, Croton argyratus Blume and Croton casca-
rilloides Raeusch.) and Australian (Croton arnhemicus
Mull.Arg., Croton phebalioides Miill.Arg. and Croton
verreauxii Baill.) species. A small clade of African
species was found to be nested in the WIOR clade
(Croton dichogamus Pax, Croton kilwae Radcl.-Sm.
and Croton menyhartii Pax); another African spe-
cies (Croton pseudopulchellus Pax) was also embed-
ded in the WIOR clade. The species sampled from
the Comoro Islands (Croton bifurcatus Baill., Croton
emeliae Baill. and Croton humblotii Baill.) and the
Mascarene Islands (Croton fothergiliifolius Baill.,
Croton grangerioides Bojer ex Baill., Croton tiliifolius
Lam. and Croton vaughanii Croizat) were also nested
in the WIOR clade, the Mascarene species being mono-
phyletic (pp 1; bs 100%), whereas the accessions from
the Comoro Islands are part of a poorly resolved group
that includes C. anisatus Baill. from Madagascar.

Results of the ancestral area reconstruction are sum-
marized in Figure 2. The ancestral area reconstruction
unambiguously infers (100% probability) that the Old
World species originated from the Americas. It also
indicates a 41.2% probability that Madagascar was col-
onized from Africa, a 34.8% probability that Africa was
colonized from Madagascar, a 12.9% probability that
the WIOR clade originated from Asia and a 9.9% prob-
ability that it originated in the Americas (Fig. 2). In
the WIOR clade, Madagascar is fully supported as the
ancestral area for the Mascarene clade. Madagascar
is also the most probable origin for the African clade
that includes C. dichogamus, C. kilwae and C. meny-
hartii and for the African species C. pseudopulchellus.
Similarily, irrespective of the low phylogenetic resolu-
tion of the relationships of the species sampled from
the Comoro Islands, Madagascar is inferred as the
only probable ancestral area for the species present in
the Comoro Islands.

DISCUSSION

In the Old World clade of Croton (Croton subgenus
Croton), we found that WIOR species are all part of a
monophyletic group that forms a sister group to a clade
of two African and one Socotran species. In the WIOR
clade, one widespread African species, C. pseudo-
pulchellus, is nested in one of the two main branches
of the clade (WIOR clade 1, see Fig. 1) and another
small clade of three African species (C. dichogamus,
C. kilwae and C. menyhartii) is nested in WIOR clade
2 (Fig. 1). Croton pseudopulchellus is morphologically
similar to a number of shrubby, Malagasy species with
medium-sized, subverticillate leaves (glabrous above
and silvery lepidote below) and congested, clustered
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inflorescences, such as C. brevispicatus Baill. (Fig. 3A).
The other clade differs in that all of its members have
some stellate pubescence on the upper side of the
leaves, but they are also shrubs with silvery lepidote
indumentum on the lower leaf surface along with
some scattered brown scales, and they have longer
inflorescences. This is also a common syndrome among
Malagasy Croton spp., e.g. in species such as Croton
bojerianus Baill. (Fig. 3D). The majority of the other c.
50 African Croton spp. are trees, whereas shrubs are
the predominant life form of Croton in Madagascar.
Both C. dichogamus and C. kilwae are restricted to
East Africa from Tanzania to Mozambique, whereas
C. menyhartii also occurs there, but extends farther
south into South Africa, west to Angola and north to

Ethiopia. Van Ee et al. (2015) also found the same spe-
cies to be nested in a largely Madagascan clade, but
with their different taxon sampling (only 16 species
sampled from Madagascar) they did not distinguish
them as belonging to distinct subclades. The study of
Van Ee et al. (2015) focused mainly on the Australasian
Croton spp., covering 22 of the 29 species from
Australia and 20 of the 29 species native to Thailand,
with an additional 11 Asian species and 15 from Africa
and Arabia sampled beyond the four species that are
embedded in the WIOR clade. The geographical origin
of the taxon sampling in that study was an inverse
proportion of WIOR to non-WIOR Old World species
compared to this study. Nonetheless, with 19 of the
54 native African and Arabian species and 49 of the c.

Figure 3. Croton spp. in the WIOR clade. (A) C. brevispicatus — this Malagasy species resembles the African C. pseudo-
pulchellus; (B, C) C. argyrodaphne; (B) branch with staminate flowers with nine to 11 stamens; (C) pistillate flower — note
the valvate sepals and stipitate style with highly divided stigmatic tips and sparsely lepidote ovary; (D) C. bojerianus — this
Malagasy species resembles the African C. dichogamus; (E, F) C. nobilis; (E) underside of leaves (silvery-lepidote with scat-
tered brown scales) and staminate flowers with c. 30 stamens; (F) pistillate flowers — note the reduplicate-valvate sepals
and non-stipitate styles with c. 12 stigmatic tips and densely stellate-pubescent ovary (Image credits: A-B: K. Kainulainen,;

D: B. Van Ee; C, E-F: P. Berry).

© 2017 The Linnean Society of London, Botanical Journal of the Linnean Society, 2017, 183, 532-544

202 Iudy €2 uo 1sanb Aq 1€/ 6€.€/2€S/7/E8 /o101ME/UBBULIOG/WOD dNO"dlWapEDE//:SARY WOl papeojumoq



CROTON IN THE WESTERN INDIAN OCEAN 539

185 native Asian-Pacific Croton spp. sampled to date,
there is still ample possibility that more extra-regional
species could turn up nested in the WIOR clade. It is
also conceivable that some of the remaining unsam-
pled Madagascan taxa could emerge outside the WIOR
clade, but our sampling already includes most of the
morphological, ecological and geographical diversity of
the genus in the WIOR. In the near future, we will be
working to obtain a more thorough sampling of African
and Asian-Pacific species so that we can more rigor-
ously examine the biogeographic history of the genus
in the Old World.

TAXONOMIC GROUPINGS OF
MADAGASCAN TAXA

The phylogenetic hypothesis inferred from the com-
bined data recovers several well-supported internal
clades of Malagasy Croton. However, characterizing
these clades morphologically will require more detailed
taxonomic work and denser molecular sampling.
Leandri (1939) relied on characters such as high vs.
low stamen number, lepidote vs. stellate pubescence
and leaf size and shape to delineate 18 species groups
that he recognized for Malagasy Croton spp., but we
are largely not able to match his morphologically
defined species groups to the molecular phylogenetic
trees. There are a few exceptions, however. Croton gou-
dotii and C. mongue form a strongly supported clade
and they both belong to Leandri’s ‘Groupe Mongue’,
in which he also included two other species, one of
which (C. oreades Baill.) we now consider to be a syno-
nym of C. mongue and the other, Croton tsaratananae
Leandri, may prove to be a synonym of C. goudotii.
This is a distinctive group of species that consists of
large trees with alternate, palmately veined leaves,
stellate pubescence and pistillate flowers with well-
developed petals (Fig. 4A—C). Another of Leandri’s
groups that is well supported by our data is his ‘Groupe
Adenophorum’ (Fig. 1, as Adenophorus Group), which
corresponds closely to Webster’s (1993) concept of C.
section Anisophyllum. Species of this group are char-
acterized by having opposite leaves, stellate pubes-
cence and glands in the axils of the secondary veins on
the abaxial surface of the leaves (Fig. 4D-F). They also
often have conspicuous stipules and pseudoterminal
inflorescences of tightly packed flowers. This is a much
larger group (16 species recognized by Leandri, 1939)
and, as shown by the number of still unidentified spe-
cies, one much in need of taxonomic revision.

One of Leandri’s groups that is partly supported
by our results is his ‘Groupe Argyrodaphne’, which
he characterized as having large, penninerved leaves
with shiny, lepidote undersides and staminate flow-
ers with <12 stamens. We obtained high support (pp 1,
bs 100) for a clade of three taxa placed in this group,

namely C. argyrodaphne Balill., Croton greveanus
Baill. and C. greveanus var. borealis Leandri (Figs 1,
3), but other species that Leandri placed in this group,
such as Croton catatii Baill. and Croton antanosien-
sis Leandri, emerge in entirely different clades in the
WIOR (C. catatii in WIOR clade 1 and C. antanosiensis
in WIOR clade 2).

An example of one of Leandri’s groups that is not
at all supported by the molecular data is his ‘Groupe
Nobile’, which like ‘Groupe Argyrodaphne’ discussed
above are usually trees with large, penninerved
leaves with lepidote undersides, but with staminate
flowers that have >12 stamens. Species from this
group that we sampled include Croton nobilis Baill.
(Fig. 3E-F), Croton chrysodaphne Baill. (synonym =
C. lepidotus A.DC.), Croton chlaenacicomes Leandri,
Croton multicostatus Miill.Arg. (synonym = Croton
vernicosus Baker), Croton trichotomus Lam. and C.
hildebrandtii Baill. None of these species was sister to
any of the others in this group in our results, with four
of them belonging to WIOR clade 1 and two belong-
ing to WIOR clade 2 (Fig. 1). Notably, C. multicostatus
forms a strongly supported clade (pp 1, bs 99) with
C. catatii, which was placed by Leandri (1939) in
Groupe Argyrodaphne. We have provided evidence in
other papers (Berry & Van Ee, 2011; Berry et al., 2011,
2016a) that these large, lepidote-leaved Croton spp.
from Madagascar only superficially resemble each
other in their vegetative characters; when details, par-
ticularly of the pistillate flowers and inflorescences,
are examined, they are surprisingly diverse (Fig. 3C,
F). Similarly, the WIOR-endemic sections of lepidote-
leaved species in the classification scheme of Webster
(1993), namely C. sections Monguia and Decapetalon,
show no correspondence to any of the clades obtained
in our results.

BIOGEOGRAPHIC SCENARIOS

In a review of the historic biogeography of Madagascar,
Yoder & Nowak (2006) suggested that a large majority
of taxa on Madagascar originated by dispersal out of
Africa during the Cenozoic. There is at least partial
support for this hypothesis for Croton in our results,
which show the WIOR clade as sister to a mainly East
African clade of Croton. Since Madagascar has been
isolated from Africa and other continents for >80 mil-
lion years (Rabinowitz, Coffin & Falvey, 1983; Storey
et al., 1995) and the estimated age of Croton is c. 55
million years (Van Ee et al., 2008, with no error mar-
gins reported), a biogeographic scenario of vicariance
is improbable for this group. Instead, we hypothesize a
dispersal event from Africa to Madagascar, e.g. via veg-
etation rafts transported by historical ocean currents
to Madagascar. Ali & Huber (2010) inferred the ocean
surface currents as travelling from north-eastern
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Figure 4. Madagascan Croton spp. from the Mongue and Adenophorus groups. (A-C) C. goudotii; (A) tree habit; (B) palmate
leaf venation with lobed blade and elongate inflorescence; (C) pistillate flower with well-developed petals; (D-E) C. adeno-
phorus; (D) branch showing opposite leaves, conspicuous stipules and tightly packed axillary inflorescence; (E) flowering
branch with open pistillate flowers (the lower two with unequal green sepals) and staminate flowers (the distal two) — note
the stalked gland at the junction of two secondary veins on the lower surface of the leaf blade (arrow); (F) Croton farinosus;
flowering branch — note the opposite leaves, conspicuous stipules and tightly packed inflorescence (Image credits: P. Berry).

Mozambique and Tanzania towards Madagascar dur-
ing the Palaeogene (66—23 million years ago), which is
consistent with the putative age of Croton.

Several studies have found Madagascar to be the
ancestral area of plant lineages in the neighbouring
Comoro Islands, Mascarene Islands, mainland Africa,
India and Southeast Asia (Yuan et al., 2005; Janssen
et al.,2008; Janssens et al., 2009; Le Péchon et al., 2010;
Wikstrom et al., 2010; Bacon et al., 2016). In this study,
we find multiple instances of Croton spp. with distribu-
tions outside of Madagascar nested in Malagasy clades
(Figs 1, 2), indicating that several independent out-
of-Madagascar dispersal events have occurred to the
Comoro Islands, the Mascarene Islands and to main-
land Africa (supported by the ancestral state recon-
struction in Fig. 2). Contemporary ocean currents,

which generally flow from Madagascar south-east-
wards towards Africa, with several large gyres (Schott,
Xie & McCreary, 2009; Ali & Huber, 2010), could have
facilitated these dispersals from Madagascar to main-
land Africa and the Comoro Islands.

The Comoro Islands are a volcanic archipelago
located 350—600 km west of the north-western tip of
Madagascar, roughly halfway between Madagascar
and mainland Africa. The oldest island there is
Mayotte, which emerged above sea level c. 8 Mya
(Nougier, Cantagrel & Karche, 1986). Five Croton
spp. are known from these islands, four of which are
endemic: C. emeliae, C. bifurcatus, C. humblotii and
C. tulasnei Baill. (the first three are sampled in this
study). The fifth species, C. adenophorus Baill., also
occurs on Madagascar. The inferred positions of these
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species in the WIOR clade are inconclusive as to the
number of colonizations of the Comoro Islands from
Madagascar. Croton bifurcatus and C. humblotii prob-
ably represent one introduction and C. emeliae could
also be a result of that event. Croton adenophorus
is reported from the Comoro Islands, but so far only
accessions from Madagascar have been sampled for
molecular analyses. If the Comoros populations of this
species are monophyletic with the Madagascan popu-
lations, this would probably represent a distinct dis-
persal event from Madagascar, since C. adenophorus
is part of the strongly supported Adenophorus Group.
Croton tulasnei (unsampled) is morphologically simi-
lar to C. adenophorus, and we hypothesize they may
be sister species, so it may have originated from a
common ancestor with C. adenophorus, either on the
Comoros or on Madagascar.

The Mascarene Islands are another group of vol-
canic islands located 800-1500 km east of Madagascar.
Mauritius emerged between 7 and 8 Mya (Duncan,
1990), whereas Réunion is younger, at ¢c. 2 Mya
(McDougall, 1971). Our sampling included four of the
six Croton spp. found in this archipelago, all of which
are endemic to the islands (five on Mauritius and one
on Réunion). The four species sampled, C. fothergilii-
folius, C. grangerioides, C. tiliifolius and C. vaughanii,
form a well-supported clade nested in the WIOR clade
(Fig. 1), which the ancestral state reconstruction sup-
ports as a single dispersal event from Madagascar to
the Mascarene Islands and subsequent speciation there
(Fig. 2). A similar pattern of a single, well-supported
Mascarene clade nested in a larger Madagascan clade
has also been shown in Gastonia Comm. ex Lam and
Polyscias J.R.Forst. & G.Forst. in Araliaceae (Plunkett,
Lowry & Vu, 2004), Pyrostria Comm. ex Juss. in
Rubiaceae (Wikstrom et al., 2010), Badula Juss. in
Primulaceae (Bone et al., 2012) and Sideroxylon L. in
Sapotaceae (Stride, Nylinder & Swenson, 2014).

Overall, our results indicate four out-of-Madagascar
dispersal events in Croton (Fig. 2), with additional
similar dispersal events possible. This shows the
importance of Madagascar as a source area for coloni-
zations, not only to other islands in the western Indian
Ocean but also back to Eastern Africa.

The large number of unidentified or undescribed
species in our sampling reflects both the difficulty of
identifying specimens of Croton from Madagascar and
the high number of taxonomic novelties that remain to
be published. We are confident that at least 11 of the
unnamed specimens are undescribed species and they
will be published shortly. At that time, the new species
will be cross-referenced to their number and position
in the phylogenetic trees presented here. Our ongoing
molecular studies on Old World Croton aim to increase
the density of species sampling substantially and to
increase the number of molecular markers. This will

hopefully allow us to better evaluate species relation-
ships among the Madagascan species and determine
if we can produce a more realistic classification of the
>150 Croton spp. that have proliferated on the island.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. Majority-rule consensus tree from the Bayesian MCMC inference of the ITS data. Numbers below the
branches represent Bayesian posterior probabilities support values. Corresponding bootstrap support values from
the ML analyses (1000 replicates) are given above the branches.
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Figure S2. Majority-rule consensus tree from the Bayesian MCMC inference of the combined plastid data.
Numbers below the branches represent Bayesian posterior probabilities support values. Corresponding bootstrap
support values from the ML analyses (1000 replicates) are given above the branches.

Figure S3. ML tree from the ML analysis of the ITS data with bootstrap support (1000 replicates) for nodes
indicated.

Figure S4. ML tree from the ML analysis of the combined plastid data with bootstrap support (1000 replicates)
for nodes indicated.

Figure S5. ML tree from the ML analysis of the combined ITS and plastid data with bootstrap support (1000
replicates) for nodes indicated.

Table S1. List of the taxa and accessions sampled, including GenBank accession numbers and voucher specimens.
Sequences newly generated for this study begin with KY-. All herbarium specimens have been entered into the
Tropicos database (www.tropicos.org), and updates to their determinations will be made there.
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