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ABsTRACT. Circumscriptions of the genus Hibiscus and the tribe Hibisceae (Malvaceae) are based on morphological
features that are not unique in the family. An examination of the literature regarding putatively ancestral morphological
features revealed that Hibiscus and Hibisceae may be defined by shared ancestral features, and thus are unlikely to be
monophyletic groups. These phylogenetic hypotheses were tested using two chloroplast DNA sequences (a coding region—
ndhF, and a non-coding region—the rpl16 intron). Several genera usually placed in Hibisceae were found to occupy positions
sister to the rest of the family, as was predicted from our reevaluation of their morphological features. Although the earliest
divergences in the family were not resolved by chloroplast DNA topologies alone, several morphological features, when
analysed in combination with ndhF, suggested a possible resolution of the basal polytomy. These early divergences are
represented by extant genera with relatively restricted distributions, which all possess Australasian species that are sister to
more widespread and diverse lineages. This suggests the novel hypothesis that eastern Gondwana may be the centre of
origin of the family. The pollen fossil record is consistent with this possibility, but does not support it unambiguously.
Unexpectedly the tribes Decaschistieae and Malvavisceae as well as other genera of Hibisceae nest within Hibiscus. Nomen-
clatural upheavals concerning Hibiscus, one of the world’s most popular horticultural plant genera, will be difficult to avoid.

The charismatic genus Hibiscus L. (Malvaceae) is fa-
miliar to many people, particularly in tropical and
sub-tropical regions of the world. While the genus is
distributed widely, its diversity is concentrated in the
tropics (Table 1). Several members of the genus are im-
portant as fiber crops, livestock feed, human food
sources, folk medicines, and ornamentals (Sivarajan
and Pradeep 1996; Wilson 1999). The widely-cultivated
ornamental shrub Hibiscus rosa-sinensis L., with its be-
wildering array of cultivars, is perhaps the best known
species of the genus. Species of Hibiscus range from
annual herbs (e.g., H. lobatus Kuntze) to trees (e.g., H.
macrophyllus Roxb.), although most species are peren-
nial sub-shrubs or shrubs. Many species have hairy or
prickly stems (e.g., H. mastersianus Hiern), although
some may be glabrous (e.g., H. schizopetalus Hook.f.).
The genus as it is currently understood is united by
the presence of the following features, which when
taken together distinguish Hibiscus from the rest of
Malvaceae: staminal column with five apical teeth,
five-branched style, usually capitate stigmas, ovary
with more than one ovule per cell, calyx and epicalyx
(if present) persistent after flowering, a five- to ten-
celled loculicidally dehiscent wingless fruit, petals ba-
sally fused to the staminal column, epicalyx usually
eight or more lobed, petals not forming a tube around
the staminal column.

Hibiscus as a generic name was first used by Lin-
naeus (1753, 1754), who included 20 species in his cir-
cumscription. Following this, De Candolle (1824) pro-
posed a sectional classification that subdivided the 117
species known to him. However, it was not until Hoch-
reutiner’s (1900) monograph that the genus received a

comprehensive systematic treatment. Hochreutiner
added five new sections to the six published by De
Candolle, and a seventh recognized by Garke (1849)
(Table 2). While Hochreutiner (1900) treated 197 spe-
cies, over 300 species may be currently assignable to
Hibiscus.

Hibiscus, as originally circumscribed, contained a
diverse assemblage of morphologically distinct species
groups, some of which have subsequently been seg-
regated. Some of these species have been placed in oth-
er tribes (e.g., Malvaviscus arboreus Cav., in Malvavis-
ceae), while others have been segregated to genera
considered closely related to Hibiscus (e.g., Abelmoschus
Medik. and Fioria Mattei, both now in Hibisceae). This
trend has continued with the publication of a number
of species in Hibiscus that have since been transferred
to other genera but kept within Hibisceae (e.g., Lagun-
aria patersonia (Andr) G. Don., Alyogyne hakeifolia
(Giord.) Alef., Radyera farragei (FMuell.) Fryxell &
S.H.Hashmi [Fryxell 1968]). Other species not first
published in Hibiscus have also come to be placed in
Hibisceae (e.g., Howittia trilocularis F.Muell., which had
been placed in the Malveae [Fryxell 1968]).

The circumscription of Hibiscus is closely linked
with that of other genera of Hibisceae. This tribe was
first recognized by Reichenbach (1828) and was delim-
ited from the other tribes in Malvaceae by the posses-
sion of capsular rather than schizocarpic fruit. At that
time Hibisceae contained nine genera, and was split
into two sub-tribes on the basis of the presence or ab-
sence of an epicalyx (Reichenbach 1828). The current
understanding of two groups of capsular-fruited Mal-
vaceae, one related to Hibiscus and the other to Gos-
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TaBLE 1. Number of species and percentage endemism of Hibiscus in tropical and nontropical areas. No attempt to account for

different taxonomic concepts has been made.

Approx. # Approx. %
Area of species endemics Reference

Mostly or completely within the tropics:

India 23 22 Paul 1993

Madagascar 47 62 Hochreutiner 1955

Malesia 45 36 Borssum Waalkes 1966

Mexico 37 38 Fryxell 1988
Mostly or completely outside the tropics:

Argentina 4 0 Instituto de Botanica Darwinion 1999

Iran, Afghanistan, etc 7 0 Riedl 1976

Texas 11 9 Correll and Johnston 1970

sypium L., originated with Alefeld (1861), who placed
five genera in a new tribe Gossypieae (as ‘“Gossypi-
idae’”). This tribe shares a number of features unique
in the family (e.g., presence of gossypol glands, con-
duplicate embryo folding, involucral nectaries, etc;
Fryxell 1968). Subsequent analysis has shown strong
support for the monophyly of Gossypieae (Seelanan et
al. 1997).

The features that hold Hibisceae together are: lo-
culicidally dehiscent fruit (a ‘capsule’); gossypol
glands absent, five-toothed staminal column apex,
styles usually branching at the apex, stigmas usually
terminal, style branches equal in number to the carpels
(Bentham 1863; Ulbrich 1921; Hochreutiner 1955; Bors-
sum Waalkes 1966; Riedl 1976; Fryxell 1988; Paul 1993;
Sivarajan and Pradeep 1996).

In reaffirming Alefeld’s segregation of Gossypieae
from Hibisceae, Fryxell (1968) noted that most of the
Malvaceae have seed with an “advanced’ structure,
having complex embryos and little or no endosperm
at maturity. However, he also observed that the seeds
of two Hibisceae genera (Alyogyne Alef. and Lagunaria
G.Don) have copious endosperm, a feature that he in-
terpreted as ancestral (Fryxell 1968). This suggests that
Hibisceae, as defined by Fryxell (1968), may be a het-
erogeneous assemblage of genera, some diverging ear-
ly from the rest of the family, while others may be
more derived. Radyera Bullock (Hibisceae) also has co-
pious endosperm (Fryxell and Hashmi 1971), and may
occupy a similar position. If Alyogyne, Lagunaria, and
Radyera have been correctly interpreted as early diver-
gences, then the fact that they share many of the tribal
features with other Hibisceae (although Alyogyne and
Radyera lack branching styles; Fryxell and Hashmi
1971) suggests that these features are also ancestral. If
this is so, the tribe has been characterized by shared
ancestral features (symplesiomorphies sensu Hennig
1966), and is therefore unreliable.

A similar examination of the features that distin-
guish Hibiscus from the other Hibisceae highlights the
uncertainty in what actually constitutes Hibiscus. The
smaller segregate genera in Hibisceae for which there

is reasonable information can each be defined by a few
derived features, but this leaves a suite of ancestral
features to circumscribe Hibiscus. For example, Fioria
and Kosteletzkya C.Presl have winged capsules, Abel-
moschus Medik. has an asymmetrical deciduous calyx,
and Kydia Roxb. has five antheriferous arms atop the
staminal column (Fryxell 1988; Paul 1993). This leaves
Hibiscus without unique synapomorphies, and sug-
gests it may be a paraphyletic assemblage with other
members of the tribe nested within it.

The tribe Decaschistieae, erected to accommodate
Decaschistia Wight & Arn. (Fryxell 1975), shares many
features with Hibisceae but also possesses a number
of potentially synapomorphic features, including an
increase in carpel and style branch numbers to 10 (or
sometimes only six or eight) and a fruit that disinte-
grates at maturity (Sivarajan and Pradeep 1996). As the
genus was previously placed in Hibisceae (Hutchinson
1967), its situation is comparable to other Hibisceae
genera discussed in the previous paragraph, that is,
potentially arising from within Hibiscus.

Finally, the characters that group the tribe and serve
to group Hibiscus by default are shared by other tribes
in the family. The branching style is shared with Mal-
veae, Malvavisceae, and Decaschistieae; loculicidally
dehiscent fruit with Gossypieae and Decaschistieae;
carpel number equaling style branch number with
Gossypieae, Malveae and Decaschistieae; absence of
gossypol synthesis with Malveae, Malvavisceae, and
Decaschistieae; staminal column surmounted by five
teeth (or other sterile tissue) with Gossypieae, Malvav-
isceae, and Decaschistieae; possession of five carpels
with part of Gossypieae (Bentham 1863; Ulbrich 1921,
Hochreutiner 1955; Borssum Waalkes 1966; Ried| 1976;
Fryxell 1988; Paul 1993; Sivarajan and Pradeep 1996).

Thus Hibiscus and Hibisceae present identical prob-
lems to the revisionary taxonomist. They are large
groups that cannot be defined by unique characters
and largely comprise the problematic species left be-
hind after more clearly defined taxa have been segre-
gated. As they lack convenient morphological syna-
pomorphies, it is difficult to establish the evolutionary
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relationships among the remaining species, or between
these species and the segregate taxa. Additionally, the
long-standing uncertainties regarding the relation-
ships between species with schizocarpic and capsular
fruits has never been resolved although it is funda-
mental to our understanding of the Malvaceae (e.g.,
Edlin 1935; Judd and Manchester 1997). Without new
and independent data, re-evaluation of the morpholog-
ical variation will only perpetuate current ambiguities.
While previous studies used molecular characters to
elucidate relationships among some malvaceous taxa
(e.g., La Duke and Doebley 1995; Seelanan et al. 1997,
Alverson et al. 1999; Bayer et al. 1999), their sampling
was not designed to test the monophyly of Hibiscus or
Hibisceae.

To address these questions, two chloroplast DNA
(cpDNA\) sequences, one considered to be more slowly
evolving (the gene ndhF), and the other evolving more
quickly (the intron from rpl16), were obtained from
representatives of each major section of Hibiscus (sensu
Hochreutiner [1900] with modifications by Ulbrich
[1921], Borssum Waalkes [1966] and Fryxell [1988])
and from key genera in the Hibisceae. These data allow
an independent assessment of whether Hibiscus rep-
resents an independent evolutionary lineage without
the well-defined segregate genera (e.g., Fioria, Abelmos-
chus), or whether it is a polyphyletic morass within
which these genera are nested. By including represen-
tatives of other tribes, these data also will allow a re-
assessment of the tribe Hibisceae.

\Voucher
Fryxell, Craven & Stewart 4462

Lepschi & Lally 2350

Local weed, n.v.
BEP 327

Purchased (n.v.)
Pl 372184

BEP 265
BEP 262
BEP 267
BEP 339

rpl16

AF384623
AF384621
AF384622
AF384562
AF384567
AF384620
AF384624
AF384569
AF384571

TaBLE 3. Continued.
ndhF
AF384663
(U55322)
(AF111718)
(AF111719)
(AF111716)
(AF111717)
AF384660
AF384661
(AF111752)
(AF111721)

MATERIALS AND METHODS

Sampling. Sequences from the cpDNA regions ndhF and the
rpl16 intron were generated for 39 and 63 taxa respectively, and
to these 20 and nine sequences, respectively, were added from
GenBank (Table 3). The final matrix comprises ndhF sequences
from 59 taxa, and rpl16 intron sequences from 72 taxa. Of these,
41 sequences of each marker were from the same species, and six
more were representatives from the same genus using different
species, but in this case only in non-Hibisceae genera (Table 3).

The advantage of using both a protein-coding region and an
intron to infer the phylogeny of chloroplasts lies in the differences
in the way selection operates on the products of these regions.
Selection on protein-coding regions (such as ndhF) occurs on the
protein molecule, which is quite different from the encoding DNA,
and is mediated by the peculiarities of codon position—amino
acid translation. Group two introns (e.g., the rpl16 intron) have
strong functional constraints that restrict the type and location of
changes in order to preserve their structure, from which they de-
rive their function (Michel et al. 1989). Furthermore, the functional
molecule is an RNA molecule, where a one to one correspondence
between DNA substitutions and RNA differences occurs. If con-
gruent signal is found despite the selection differences and pos-
sible sequence bias differences (e.g., 3" codon position bias in
genes [Olmstead et al. 1998]; stem vs. loop substitution and in-
sertion/deletion bias in introns [Kelchner 2000]), we can have in-
creased confidence that the topologies found accurately reflect the
history of the chloroplasts.

Within Hibiscus, several species were sampled from the largest
sections (H. Sect. Azanzae DC., H. Sect. Bombicella DC., H. Sect.
Furcaria DC., H. Sect. Ketmia DC., H. Sect. Lilibiscus Hochr.), as well
as one or two species from several smaller sections (H. Sect. Ca-

Species

Radyera farragei (F. Muell.) Fryxell & S.H. Hashmi

Malvavisceae
Abutilon fraseri (Hook.) Walp.

Abutilon hybridum Hort.

Anoda cristata (L.) Schitdl.

Pavonia multiflora A. St.-Hil.
Malope trifida Cav.

Malvaviscus arboreus Cav.
Malveae

Pavonia hastata Cav.
Malva neglecta Wallr.
Sida hookeriana Miq.
Sida acuta Burm. f.

Sterculiaceae

Anotea flavida Ulbr.
Fremontodendron californicum (Torrey) Cov. X mexicanum Davidson

Fremontodendron californicum (Torrey) Cov.

Dombeya spectabilis Boj.
Dombeya tiliacea Planch.
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TABLE 4. Primers used in this study. PCR amplification primers are in bold.

5’ to 3' sequence

Reference

rpl16 intron

Fr1 GCT ATG CIT AGI GIG TGA CTIC GIT G Jordan et al. 1996

F627 CGG AAC AAA CCA GAG ACC AC Sedlanan et d. 1999

R699 TCG GGG GOG AAT ATT TAC Sedlanan et d. 1999

R1516 CCC TTC ATT CIT CCT CTA TGTI TG Kelchner and Clark 1997
ndhF

F1 GAA TAT GCA TGG ATC ATA CC Sedlanan et d. 1997

F803 CTA TGG TAG GGG GGG GAA TTT TTC Olmstead and Sweere 1994

R972 CAT CAT ATA ACC CAG TTG GA C Olmstead and Sweere 1994

R1318 CGA AAC ATA TAA AAT GO(AG GIT AAT CC Olmstead and Sweere 1994

lyphylli Ulbr., H. Sect. Hibiscus, H. Sect. Panduriformes Ulbr., H. Sect.
Solandra Hochr., H. Sect. Spatula Hochr., H. Sect. Striati O.J.Blanch.,
H. Sect. Trionum DC.) to encompass as much morphological vari-
ation as possible (Table 2). Most species from Hibisceae genera
suspected of representing early divergences also were sampled
(four of five Alyogyne, one of two Radyera, one of one Lagunaria),
as well as those genera which have been placed elsewhere at some
time (one of three Camptostemon Mast., one of one Howittia). Rep-
resentatives of Decaschistia and several Hibisceae which may be
derived from within Hibiscus were sampled (Abelmoschus, Fioria,
Macrostelia Hochr.), as well as several representatives of Malvav-
isceae (Anotea Kunth, Malvaviscus Fabr., Pavonia Cav.). Gossypieae
and Malveae also were sampled, although less thoroughly, as these
tribes have been more comprehensively examined in previous
studies and appeared to be monophyletic based on cpDNA evi-
dence (La Duke and Doebley 1995; Seelanan et al. 1997). Given
the long-standing ambiguities regarding the division between
Bombacaceae and Malvaceae, several potential outgroups from
within Bombacaceae were sampled based on work by Alverson et
al. (1998, 1999) and Bayer et al. (1999).

Leaf tissue used for DNA extraction came from a variety of
sources, either fresh from glasshouse grown plants, from previ-
ously frozen fresh collections, from silica gel or from saturated
NaCl—CTAB (hexadecyltrimethylammonuim bromide [Rogstad
1992]) collections. Seeds, cuttings, or leaf material came from our
own or our colleagues’ field collections, the United States Depart-
ment of Agriculture (USDA) seed store, or the following botanic
gardens: Darwin Botanic Gardens, Brishane Botanic Gardens,
Australian National Botanic Gardens (Australia) and Punjob Ag-
ricultural University (India).

DNA Extraction and Sequencing. Genomic DNA was extracted
as follows: 80-100 mg of leaf tissue was ground in liquid N, in
1.5 ml eppendorf tubes, followed by 20 min. incubation at 65° in
1 ml of CTAB lysis buffer (Paterson et al. 1993) and two chloro-
form: isoamyl (24:1) extractions, followed by precipitation of the
DNA with 100% ethanol. Fresh material of some species (such as
Abelmoschus and some Hibiscus) and herbarium or silica-dried ma-
terial proved more difficult as a source of usable DNAs, so the
DNeasy kit (QIAGEN, Germany) was used on this material. Poly-
merase chain reactions (PCR) were performed using a Hybaid Ex-
press machine. For ndhF 30 cycles of 95°C (1 min), 48°C (1 min),
72°C (1 min 45 sec, with a time increase of 3 sec per cycle), was
followed by a final 72°C (1 min) step. For rpl16, a touchdown pro-
gram began with a single cycle of 94°C (4 min), followed by 10
cycles of 94° (25 sec), 55-50° (25 sec) touchdown (-0.5°C per cycle),
with a slow ramp increase of 0.25°C per sec, 65° (3 min). This was
followed by a further 20 cycles of 94°C (25 sec), 50°C (25 sec), with
a slow ramp increase of 0.25°C per sec, 65° (3 min), followed fi-
nally by a single cycle of 65°C (3 min). Sequence data were ob-
tained by sequencing a cleaned (Qiaquick PCR cleanup kit—QIA-
GEN, Germany), PCR-amplified product using the primers shown
in Table 4. Sequences were read on an ABI 377 Prism automated
sequencer operated by CSIRO Plant Industry, Black Mountain.
Possible sequence misreads were checked by comparison of the
forward strand with the reverse strand sequence in all cases.

Alignment. Sequences were aligned manually using the pro-

gram Seqlab (Wisconsin Package Version 10.1, Genetic Computer
Group, Madison, Wisc.). The ndhF alignment was trivial, as no
insertions or deletions (indels) were inferred in the first 1260 bp
of the gene (the portion of the gene sequence obtained in this
study). The rpl16 intron alignment was modified slightly to accom-
modate the integrity of conserved regions involved in secondary
and tertiary interactions, which is crucial for preservation of the
group two chloroplast intron self-splicing mechanism (Michel et
al. 1989). Four rpl16 intron regions that could not be aligned un-
ambiguously were excluded from the analysis: the D3 bulge in
domain | and three small parts of the domain IV loop. Inferred
indels in the rpl16 intron data were encoded as binary characters
at the end of the aligned sequence. These characters were each
given the same weight as a single nucleotide position. The align-
ments are available on request.

Analysis. Equally-weighted parsimony was employed as the
tree assessment criterion. The search for most parsimonious (MP)
trees was conducted in two stages using PAUP* (4.0b6) (D. Swof-
ford; Sinauer Associates, Inc. Publishers). 1) A heuristic search us-
ing tree bisection-reconnection (TBR) and MULPARS (which saves
all MP trees, rather than only one from each replicate), 100 random
addition sequence (RAS) replicates (two trees held at each step)
holding a maximum of 100 trees at each replicate, branches were
collapsed if the maximum branch length=0. The best trees from
each RAS replicate were saved, and used as starting trees in the
second search. 2) A heuristic search using TBR and MULPARS.
While the second search was limited to 10,000 trees, branch swap-
ping was completed on all of these trees. As the tree number was
limited (meaning that there may be some unwarranted resolution
in the strict consensus trees), only branches with significant boot-
strap support values should be considered when inferring phy-
logenetic relationships.

The two data sets were initially analyzed separately, and then
combined by adding the sequences together end-to-end in one ma-
trix and then analyzed as above. Each nucleotide from both re-
gions and the inferred indels from the rpl16 intron were treated
equally in the combined analysis. A partition homogeneity test
(implemented in PAUP*) was used to determine whether the par-
titions were providing different signal in the combined analysis.

To assess the relative measure of clade support in the topologies,
a bootstrap (Felsenstein 1985; BS) search was conducted using 20
RAS replicates, with 100 bootstrap replicates.

Using the combined data set, a (T-PTP) test (Faith 1991; imple-
mented in PAUP*) was used to test the hypothesis that those gen-
era with copious endosperm (Alyogyne, Lagunaria, and Radyera) are
excluded from the rest of the family. The monophyly of the rest
of the family was therefore used as a constraint tree. Howittia,
which is sister to Lagunaria in each analysis with strong support
(see results), but upon examination was found to be lacking co-
pious endosperm, was included in the copious-endosperm group
of genera in this test.

Morphology. The unexpected placement of several genera un-
resolved at the base of the family in the cpDNA trees (see results,
Figs. 1-3) prompted us to investigate a selection of 11 morpholog-
ical characters for taxa which have not all been examined before
(Table 5). The characters used were those which provided infor-
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Dombeya spectabilis
Bombax buonopozense
Fremontodendron c.
Quararibea costaricensis
Phragmotheca e.
Matisia cordata
Camptostemon s. @
Radyera farragei @
Howittia trilocularis @
Lagunaria patersonia @
Alyogyne huegelii
Alyogyne hakeifolia
Alyogyne pinoniana
Malope trifida

Malva neglecta
Abutilon hybridum
Sida acuta
Cienfuegosia tripartita
Thespesia populnea
Gossypium hirsutum
Lebronnecia kokioides
Hampea appendiculata
Gossypioides kirkii
Kokia drynarioides

H. dongolensis

H. pentaphyllus

H. calyphyllus

H. ludwigii

H. peralbus

H. rosa-sinensis

H. waimeae

H. brachysiphonius

H. coatesii
Macrostelia grandifolia
Alyogyne cravenii

H. syriacus

H. drummondii

H. pedunculatus

H. apodus ms

Pavonia multiflora
Abelmoschus ficulneus
Abelmoschus manihot
Fioria vitifolia
Malvaviscus arboreus
Anotea flavida

H. engleri

H. schinzii

H. physaloides

H. macrophyllus

H. tiliaceus

H. costatus

H. surattensis

H. meeusii

H. nigricaulis

H. furcellatus

H. heterophyllus

H. zonatus

H. fryxellii

H. meraukensis

JBOARIN

JeardAsson

QBIOBA[RJA [RUONIPRI],

9pe[d ,SIAYIO + SNOSIGY,

Strict consensus cladogram of 10,000 MP trees found using ndhF. MP trees are each 338 steps, Cl1=0.76 and R1=0.86.

Traditional Malvaceae sensu Hutchinson (1967). Camptostemon, which forms a monophyletic group with all of the malvaceous
genera in this analysis, has since been transferred to Hibisceae (Malvaceae) by Fryxell (1968). Early-diverging genera marked
by solid circles are discussed in text. Major clades corresponding with tribes Gossypieae and Malveae are boxed at the right,
whereas the clade containing all Hibiscus and several Hibisceae genera is also boxed at the right. Bootstrap support for each
branch above 50% is shown. The node marked by a circled number one is discussed in the results.
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Fic. 2. Strict consensus cladogram of 6,279 MP trees found using the rpl16 intron.
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Dombeya tiliacea
Fremontodendron c.
Bombax b.
Adansonia m.
Adansonia digitata
Adansonia g.
Pachira aquatica
Pseudobombax m.
Gossypium s.
Gossypioides kirkii
Thespesia t.
Lagunaria p.
Howittiat. @
Malva neglecta
Abutilonﬁaseri
Anoda cristata

Sida hookeriana

H. striatus
Malvaviscus a.
Pavonia hastata
Fioria vittz()liu
Abelmoschus f.
Abelmoschus m.

H. apodus ms

H. trionum

H. physaloides

H. schinzii

H. engleri

H. heterophyllus GIvV
H. rostellatus GH
H. divaricatus 7
H. splendens GIvV
H. furcellatus GP
H. zonatus ?
H. forsteri 9

H. saponarius ?
H. fryxellii ?
H. meraukensis GIV
H. nigricaulis
H. mastersianus X
H. surattensis B
H. radiatus AB
Decaschistiu o.

H. meeusei AX
H. sabdarijza AY
H. macrophyllus

H. tiliaceus

H. calyphyllus

H. ludwigii

H. dongolensis

H. pentaphyllus
Macrostelia g. LC
Macrostelia g. GC
Macrostelia g. BH

H. sturtii

H. burtonii

H. sp.1 'bombicella’

H. microchlaenus

H. insularis

Alyogyne cravenii

H. drummondii

H. normanii

H. brachysiphonius

H. coatesii

H. syriacus

H. pedunculatus

H. waimeae

H. peralbus

Alfvogyne hak.

A Iyogyne huegelii

Aly

yogyne p.
Radyera fgrragei o
MP trees are each 371 steps, Cl1=0.82

[euIdIRW O

and RI=0.91. Chromosome and chloroplast groups of Hibiscus section Furcaria are indicated (for chromosome groups one letter,
e.g., ‘B’ indicates a diploid, two letters a tetraploid, three a hexaploid; for chloroplast groups see discussion). Early-diverging
genera marked by solid circles are discussed in text. Bootstrap support for each branch above 50% is shown.
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Dombeya

Fremontodendron californicum X mexicanum
Bombax buonopozense
Radyera farragei

? 100 : Howittia trilocularis

Hibisceae (in part)

Lagunaria patersonia

99 100

_I—— Sida

Malva neglecta
Abutilon

Malveae

Thespesia

64

Gossypieae

100 Gossypium

—l_ Gossypioides kirkii

= Alyogyne huegelii

100

100 E

100 | Alyogyne hakeifolia

I Alyogyne pinoniana

H. pentaphyllus @
H. dongolensis
H. calyphyllus .

H. ludwigii I Sect. Calyphylli

H. peralbus ¢

H. waimeae | Gect, Lilibiscus
H. pedunculatus ¢

H. syriacus || Sect. Hibiscus

H. brachysiphonius &

L 2

Alyogyne cravenii

H. coatesii

-
a
Macrostelia grandifolia §

H.drummondii & ¢ Sect, Bombicella (in part)
O Sect. Ketmia (in part)

H. engleri
—tH. schinzii |
100 .
H. physaloides ¢y M Sect. Solandra

99

_E'— Abelmoschus ficulneus .
Abelmoschus manihot .

H. apodus ms I Sect. Panduriformes

98

= 5 changes

Fioria vitifolia %
":E Malvavi
Malvaviscus arboreus alvavisceae
H. macrophyllus

100 L H. tiliaceus I Sect. Azanzae
b H. surattensis
92 ..

H. meeusii

H. nigricaulis

H. furcellatus
H. heterophyllus
H. zonatus
H. fryxellii

H. meraukensis

Sect. Furcaria

Fic. 3. Phylogram of a randomly selected MP tree found using the combined data sets of ndhF and the rpl16 intron. Branches
marked by an asterisk collapse in the strict consensus of 2,982 MP trees. MP trees are each 587 steps, CI=0.81 and R1=0.87.
Branch lengths are estimated using ACCTRAN optimisation. Bootstrap support for each branch above 50% is shown. Tribal
placements to the right of clades are boxed, sections of Hibiscus are not boxed. Hibisceae genera are indicated by dashed vertical
lines. Those genera without epithets are a composite of sequences of two different species from that genus (see Table 3).
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TaBLE 5. Morphological data matrix. Species marked by an asterisk have data derived from different species for morphology and ndhF The
species listed here are the source of the morphological information. States for the characters are as follows: 1) Staminal Column Teeth: 0 =
absent, 1 = present; 2) Pollen Spines: 0 = absent, 1 = present; 3) Pollen Aperture Distribution: 0 = zono, 1 = panto; 4) Pollen Aperture: Type
0 = porate, 1 = colporate, 2 = colpate; 5) Styles: 0 = confluent, 1 = divided; 6) Stigmata Shape: 0 = filiform, 1 = lobed or flat, 2 = capitate,
3 = club-shaped; 7) Stigmata Position: 0 = interior, 1 = top, 2 = top and exterior; 8) Hypocotyl: 0 = straight, 1 = bent; 9) Endosperm: 0 =
copious, 1 = reduced or absent; 10) Gossypol Glands: 0 = absent, 1 = present; 11) Pollen Shape: 0 = triangular, 1 = oblate or spherical.
Multiple states indicate a polymorphic taxon. Pollen terminology sensu Erdtman (1969). Approximately 26% of the matrix is missing (unknown).
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Taxon

Dombeya tiliacea*
Bombax ceiba*
Fremontodendron californicum X mexicanum
Quiararibea costaricensis
Phragmotheca ecuadorensis
Matisia cordata
Camptostemon schultzii
Hibiscus costatus

. surattensis

meeusei

. nigricaulis

. furcellatus

zonatus

. heterophyllus
fryxellii
meraukensis

. dongolensis

apodus ms

. macrophyllus

. tiliaceus

Pavonia hastata*
Malvaviscus arboreus
Anotea flavida
Abelmoschus ficulneus
A. manihot

Fioria vitifolia

H. engleri

H. schinzii

H. physaloides

H. brachysiphonius

H. coatesii

Macrostelia grandifolia Leo Creek
H. drummondii
Alyogyne cravenii

. pedunculatus

. Syriacus

. pentaphyllus

. peralbus

. rosa-sinensis
waimeae

. calyphyllus

. ludwigii

Alyogyne huegelii
Alyogyne hakeifolia
Alyogyne pinoniana
Cienfuegosia tripartita
Lebronnecia kokioides
Hampea appendiculata
Thespesia populnea
Gossypioides kirkii
Kokia drynarioides
Gossypium sturtianum*
Malope trifida

Malva neglecta
Abutilon fraseri

Sida acuta

Howittia trilocularis
Radyera farragei
Lagunaria patersonia
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mation regarding relationships at the base of the Malvaceae or its
immediate sister groups. Characters have been drawn from the
androecium, gynoecium, seed, and pollen. Character information
was drawn from the following sources: Nilsson and Robyns
(1974), van Heel (1966), Fryxell (1968, 1988), Fryxell and Hashmi
(1971), Robyns (1964), Muller (1981), Christensen (1986), Alverson
(1989, 1991), Judd and Manchester (1997), and our own scanning
electron and light microscopic observations. Some of the characters
investigated have previously been used in tribal classifications, but
may not have been reported for all of those genera found here to
be occupying unusual positions. Other characters have been dis-
cussed in the literature previously, but their taxonomic implica-
tions have not been fully appreciated. As the morphological data
set is limited, and chosen for a particular purpose, it was analysed
in combination with the ndhF data (for which more taxa at the
base or sister to the family were available than in the rpl16 data).
Doyle’s (1992) method of combining the morphology with DNA
sequence data coded as a single ordered multistate character was
investigated, as well as a standard combination of data sets (the
matrices simply combined end to end). We coded only those nodes
with BS support of >75% as single character state changes in im-
plementing Doyle’s method.

RESULTS

The ndhF data set included 1260 bp of sequence at
the 5’ end of the exon (beginning from position 40 in
the Gossypium hirsutum L. sequence, U55340; Seelanan
et al. 1997) and contained 112 parsimony-informative
characters. Approximately 0.7 % of the data matrix was
scored as missing (due to uncertain sequence reads).
The rpl16 intron included 1847 bp of aligned sequence.
After several highly variable regions were excluded
(see methods), this resulted in 1226 bp of unambigu-
ously aligned sequence and 47 coded indels which
were used together in all analyses of this data set. This
sequence starts from the 15" nucleotide of the domain
1 5" bulge and includes 39 nucleotides of the following
exon at its end. The 5’ bulge interrupts the domain |
5" stem between positions five and six (the 5t position
corresponds to the second last nucleotide of the F71
primer [Table 4]). Including the indels, the rpl16 intron
data set contained 150 parsimony-informative charac-
ters. Approximately 0.2 % of this data matrix was
scored as missing (as above).

Strict consensus cladograms of the 10,000 trees
found for the ndhF data set and the 6,279 trees found
for the rpl16 intron data set are presented (Figs. 1, 2).
The consistency index (Cl) and retention index (RI)
values for these MP trees are 0.76 and 0.86 for ndhF
and 0.82 and 0.91 for rpl16 respectively. A randomly
selected MP phylogram for the combined analysis is
also shown (Fig. 3). The Cl and RI values for this MP
tree are 0.81 and 0.87. Branches which collapse in the
strict consensus cladogram are indicated. A strict con-
sensus cladogram of 10,000 trees found for morphol-
ogy combined with ndhF is presented in Figure 4. The
Cl and RI values for these MP trees are 0.74 and 0.86.
BS values above 50% are indicated on the strict con-
sensus trees (Figs. 1-4) above the relevant clades.

ndhF. The strict consensus tree (Fig. 1) shows sev-
eral novel results. All species of Hibiscus are grouped
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in one clade; however, nested within this clade are all
three representatives of Malvavisceae as well as several
genera of Hibisceae (Abelmoschus, Fioria, Macrostelia).
One species of Alyogyne (A. cravenii Fryxell) is also
nested within the Hibiscus clade, while its congeners
form a separate monophyletic group. The remaining
Hibisceae (Camptostemon, Howittia, Lagunaria, Radyera)
form a polytomy at the base of the family, which is
monophyletic in this tree. As expected from previous
studies, the Gossypieae and Malveae are monophyletic
(Seelanan et al. 1997; La Duke and Doebley 1995).

Of those sections of Hibiscus with multiple species
sampled, some form monophyletic groups (H. Sect.
Furcaria, H. Sect. Azanzae, H. Sect. Lilibiscus and H.
Sect. Calyphylli), while others do not (H. Sect. Bombicella
and H. Sect. Ketmia). All four species of H. Sect. Bom-
bicella are in the same clade, but this clade also con-
tains Macrostelia grandifolia Fryxell, Alyogyne cravenii
(Hibisceae) and Hibiscus syriacus L. (H. Sect. Hibiscus).

rpl16. The results from the rpl16 intron are largely
consistent with those of ndhF (Fig. 2). As in ndhF, a
clade containing all Hibiscus also contained taxa from
other genera (Hibisceae: Abelmoschus, Alyogyne cravenii,
Fioria, Macrostelia; Malvavisceae: Malvaviscus, Pavonia).
Decaschistia occidentalis Craven & Fryxell, the only rep-
resentative of the tribe Decaschistieae available, was
nested within a sub-clade containing all sampled
members of H. Sect. Furcaria. One slight difference is
the position of lineages at the base of the family. Rad-
yera and Alyogyne are part of the basal polytomy that
includes each major lineage in the family. Lagunaria
and Howittia form a monophyletic group with Gossy-
pieae, although there is only one character supporting
this group. A Camptostemon sequence was not available
for this data set.

Combined cpDNA Data. The partition homogenei-
ty test found no significant difference between the
ndhF and rpl16 intron partitions of the combined data
set (p>0.05). Furthermore, the strict consensus tree
produced by combining the data sets agrees with the
trees produced by separate analysis (Fig. 3). The data
presented here provide a robust estimation of the phy-
logenetic relationships of taxa in traditional Malvaceae.
In particular, the congruence between the genic and
intron cpDNA regions provides compelling evidence
of relationships despite the sequence biases known to
occur in these regions (see methods).

A minor difference is in the placement of the early
divergent lineages. Radyera is sister to the rest of the
family, whilst Gossypieae, Malveae, the Hibiscus clade,
the Lagunaria + Howittia clade, and the Alyogyne clade
form a polytomy (Fig. 3). Camptostemon was not in-
cluded in this analysis, as only an ndhF sequence was
available. Whilst the placement of Radyera sister to the
rest of the family is very weakly supported (the mono-
phyly of the rest of the family has 64% BS), the mono-
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Fremontodendron ¢
Dombeya spectabilis
Bombax buonopozense
Quararibea cost.
Phragmotheca e.
Matisia cordata
Camptostemon s. @
Radyera farragei @
Howittia trilocularis @
Lagunaria patersonio @
Malope trifida O
Malva neglecta O
Abutilon hybridum O
Sida acuta O
Alyogyne huegelii
Alyogyne hakeifolia
Alyogyne pinoniana
Cienfuegosia tripartita
Thespesia populnea
Gossypium hirsutum
Lebronnecia kokioides
Hampea appendiculata
Gossypioides kirkii
Kokia drynarioides

H. dongolensis

H. pentaphyllus

H. calyphyllus

H. ludwigii

H. peralbus

H. rosa-sinensis

H. waimeae

H. brachysiphonius

H. coatesii
Macrostelia grandifolia
Alyogyne cravenii

H. syriacus

H. drummondii

H. pedunculatus

H. apodus ms

Pavonia multifiora O
Abelmoschus ficulneus
Abelmoschus manihot
Fioria vitifolia
Malvaviscus arboreus O
Anotea flavida O

H. engleri

H. schinzii

H. physaloides

H. macrophyllus

H. tiliaceus

H. costatus

H. surattensis

H. meeusei

H. nigricaulis

H. furcellatus

H. heterophyllus

H. zonatus

H. fryxellii

H. meraukensis

345

N. America
Africa

Old World Trop
Neotropics
Neotropics
Neotropics
Australasia
Australia, S. Afr
Australia
Australia '

Tribe Malveae
Pandemic

Alyogyne
Australia

Tribe
Gossypieae
Pantropical

Tribes
Decaschistieae,
Hibisceae and
Malvavisceae

Pantropical

FiG. 4. Strict consensus cladogram of 10,000 MP trees found using 1260 ndhF sites and 11 morphological characters. MP
trees are each 374 steps, CI=0.74, R1=0.86. Bootstrap support for each branch above 50% is shown. Genera from those tribes
with members which have predominantly or completely schizocarpic fruit are marked with open circles (see discussion). Early-
divergent genera marked by solid circles are discussed in text. !Lagunaria is also present on the Tasman Sea islands of Lord
Howe and Norfolk.
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phyly of the other clades mentioned is very well sup-
ported, as shown by 100% BS. The monophyly of the
family is also strongly supported, with 99% BS.

T-PTP Test for the Monophyly of the Family Excluding
Copious-endosperm Genera. The T-PTP test showed
that the family may be a monophyletic group either
excluding the copious-endosperm genera or including
some or all of the copious-endosperm genera, i.e., nei-
ther hypothesis can be excluded from consideration by
the combined data set (p<<0.05).

Possible Long Branch Attraction. Several clades in-
cluded taxa separated by long internal branches (Gos-
sypieae, Malveae, and Lagunaria + Howittia; Fig. 3),
and may be examples of long branch attraction, which
can mislead the parsimony criterion (Swofford et al.
1996). This possibility was discounted for Gossypieae
and Malveae, as they have been more comprehensively
sampled in other cpDNA-based studies and found to
be monophyletic (La Duke and Doebley 1995; Seelanan
et al. 1997). Although increased taxon sampling is our
preferred method for stabilizing long branches, and
appears to do so in other groups (e.g., Mirbelieae [Fa-
baceae], M.D. Crisp unpubl. data), this is not an option
for Lagunaria and Howittia as they are monotypic gen-
era. Instead, an examination of the characters sup-
porting the clade in the combined data set revealed 16
synapomorphies, of which 11 showed no homoplasy.
These 11 apparently unique synapomorphies included
one complex inserted sequence of eight base pairs in
IC region of the rpl16 intron: TCAAGAAA (gap 14).
This insertion is not a repeat of the immediately ad-
jacent sequence, nor does the immediately adjacent se-
guence appear to create a stem that might cause a mu-
tational trigger at this site (Kelchner and Clark 1997).
Furthermore, the 16 synapomorphies for the clade are
fairly evenly distributed between the two regions (nine
from rpl16 and seven from ndhF), suggesting that one
region alone is not supplying a spurious signal.

Morphology Combined with ndhF. A combined
analysis of ndhF and morphology (Fig. 4) added some
resolution of the basal nodes in Malvaceae, compared
with ndhF alone (Fig. 1), or morphology combined
with ndhF coded as a single ordered multistate char-
acter (the method of Doyle 1992; not shown). This sug-
gests that the ndhF data contain some information re-
garding the basal nodes in Malvaceae that is consistent
with the morphology, but that this information is lost
when only well supported nodes (BS>75%) on the
ndhF strict consensus tree are encoded as single char-
acter state changes for incorporation into a combined
analysis with morphology.

In this analysis, three lineages, Camptostemon and
Radyera and the remainder of the family are unresolved
at the earliest node. Within the remainder of the family,
Lagunaria and Howittia form a well-supported clade
sister to the rest. The clade that includes Lagunaria,
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Howittia, and the rest of the family, as well as the clade
that includes the rest of the family alone are both only
weakly supported (52% and 53% BS respectively),
however, they have more support than the correspond-
ing clade in the ndhF tree (Fig. 1, clade one [circled];
<50% BS). Additionally, the support for the clade that
includes the traditional Malvaceae and its sister group
(Matisia, Phragmotheca, together with Quararibea) is
markedly increased in this analysis (from 56% to 87%
BS).

DiscussioN

The Tribe Hibisceae is not Monophyletic. The data
presented here illustrate clearly the paraphyly of Hi-
bisceae. This finding confirms the predictions made by
our reevaluation of morphological features of the gen-
era currently placed in this tribe. As predicted, the co-
pious-endosperm genera (Alyogyne, Lagunaria, and
Radyera) diverge early from the remainder of the fam-
ily, while other genera in Hibisceae occupy a more de-
rived position, nested within Hibiscus. Camptostemon
and Howittia, for which endosperm information was
not previously available, also diverge early. Camptos-
temon had, however, been placed close to other Mal-
vaceae in a previous analysis (Alverson et al. 1999).
Seed of this genus has since been found to contain
copious endosperm, supporting an early divergence,
while the endosperm of Howittia is much reduced.

Morphology can Resolve the Basal Polytomy in the
cpDNA Trees. Additional resolution regarding the
early divergences, although limited, was obtained by
the combination of morphology and ndhF data sets.
These results provide independent confirmation that
the basal relationships found in the cpDNA data sets
are reflective of the phylogenetic history of these taxa.
This therefore provides additional support for the find-
ing that the tribe Hibisceae is not monophyletic.

The taxa of Malvaceae, as traditionally circum-
scribed (Hutchinson 1967), almost all have spiny pol-
len. Spiny pollen also is shared with the early-diverg-
ing genera in this analysis (Camptostemon, Radyera,
Howittia, and Lagunaria) but not by the sister group of
the family found here (Matisia, Phragmotheca, and Quar-
aribea). As very few genera from the other core Mal-
valean families posses spiny pollen, this character ap-
pears to be useful in delimiting the family in the tra-
ditional classification.

Malvaceae may have an Australasian Origin. The
morphology of pollen grains also was useful in esti-
mating a possible minimum age of the family, given
that Malvaceae almost certainly arose from a shared
ancestor with some members of the Bombacaceae. Pol-
len of the Bombax L. type, which includes pollen from
Fremontodendron Cov., Bernoullia Oliv., Ochroma Sw., and
Pseudobombax Dugand (which are among the genera
near to the base of the Malvaceae; Alverson et al. 1999),
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is the oldest Bombacaceae type to be found (Muller
1981). This pollen type has been found in south-eastern
U.S.A. from the Maastrichtian (69-65 mya), in northern
South America from the Paleocene (65-55 mya) and in
Africa and Australia from the early Eocene (55-50
mya; Wolfe 1975; Muller 1981). Fossil pollen that can
be assigned to Malvaceae is more recent, and has been
found in South America from the late Eocene (44-39
mya), in Australia from the late Eocene—early Oligo-
cene boundary (around 37-35 mya), and in Africa and
Europe from the Oligocene (39-22 mya; Muller 1981;
MacPhail and Truswell 1989). While the oldest mal-
vaceous fossil pollen appears to be South American,
differences in authors’ uses of epoch dates coupled
with the general difficulties in making reliable age es-
timates from stratigraphic inferences (Hill et al. 1999)
necessitates that these dates be considered tentative.
Therefore, we feel that both the South American (late
Eocene) and Australian (late Eocene—early Oligocene
boundary) fossil pollen could be considered candidates
for representing the earliest Malvaceae pollen so far
found.

Based on fossil pollen ages, Malvaceae is at least 39—
44 million years old. The family is almost certainly old-
er, as this age is of Hibiscus-type pollen, which is more
derived than the pollen type from the earliest diverg-
ing malvaceous lineages (Camptostemon and Radyera).
The latter genera possess pollen whose apertures are
equatorially distributed and few in number (3-11),
rather than scattered and usually more numerous
(some >100) in most Hibiscus. It is not entirely clear
from Muller (1981), but it seems that the pollen type
considered by him to belong to Malvaceae (and re-
ported as such in his review of fossil pollen literature)
does not show the equatorial apertures present in
Camptostemon and Radyera.

The current distributions of malvaceous taxa sug-
gests that the family may have had its origin in that
part of Gondwana that is now Australia and/or Ant-
arctica. The sister group to Malvaceae found here (Ma-
tisia, Phragmotheca, and Quararibea) is Central and
South American, while early divergence events in the
family have produced several lineages that are restrict-
ed in distribution to Australasia (Camptostemon, How-
ittia, Lagunaria, and Radyera - the last also in southern
Africa), the more recently derived of these lineages
(Howittia + Lagunaria) being sister to the much more
widely distributed remainder of the family (Fig. 4).
The connection from the South American through the
Antarctic to Australian portions of Gondwana is
thought to have severed more recently by the opening
of the Tasman and Drake Passage seaways (late Eo-
cene—early Oligocene, c. 40-30 mya; Dingle and Lav-
elle 2000) than the age of the family as suggested by
fossil pollen information (at least 39-44 my old). There-
fore, a widely distributed common ancestor to the Ma-
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tisia, Phragmotheca, and Quararibea clade together with
Malvaceae probably diverged into these two lineages
following the Gondwanan breakup. Further divergenc-
es in Australia produced some resident lineages, while
one lineage dispersed and radiated extensively
throughout the tropics. The warmer and wetter Eocene
climate experienced by the southern Australian portion
of Gondwana, despite its higher latitude, supported
lowland rainforest communities (Hill et al. 1999), and
thus may have allowed a pan-Gondwanan distribution
of the ancestor of these present-day mostly tropical
taxa.

An alternative explanation is that Malvaceae origi-
nated in South America after the Gondwanan breakup,
where (arguably) the oldest pollen fossils have been
found. However, as these fossils are of the more de-
rived Hibiscus and Thespesia type (Muller 1981) than
that possessed by the Australasian genera that diverge
early, several long distance dispersal events to Aus-
tralasia need to be invoked to explain the distribution
of extant taxa and fossil pollen. The presence of these
possibly older pollen records from South America and
not Australia could simply be an artifact of the fossil
record. On the balance of evidence available, the hy-
pothesis that Malvaceae had an origin in the Austra-
lian and/or Antarctic portions of Gondwana is more
plausible.

Hibiscus is Paraphyletic and Contains Other More
Derived Genera. A clade containing all species of Hi-
biscus thus far sampled is monophyletic; however, this
clade also includes species from four other genera in
Hibisceae, as well as four genera from other tribes
(three from Malvavisceae and one from Decaschis-
tieae). The nesting of other genera within Hibiscus is
consistent with the presence of many features shared
with Hibiscus, but the monophyly of the clade was un-
expected. There are no clear morphological synapo-
morphies known for members of this clade, although
possibly convergent gains of a) teeth atop the staminal
column (shared with Gossypieae) and b) branching
styles (shared with Malveae) may serve to delimit the
group. With either of these tribes as sister to the Hi-
biscus clade, one or the other of these characters must
exhibit homoplasy. Therefore no unique synapomor-
phy for the Hibiscus clade is known at this time. These
findings show that the current tribal classification does
not adequately reflect their evolutionary relationships.
Furthermore, Hibiscus has been made paraphyletic by
the segregation of several genera.

Schizocarpy has Evolved Twice. Previous workers
who advocated placing both capsular- and schizocar-
pic-fruited tribes in the one family did not explicitly
suggest that the schizocarpic-fruited tribes were sister
taxa. However, one taxonomist who restricted Malva-
ceae to the schizocarpic-fruited tribes (placing the cap-
sular-fruited genera in Bombacaceae) did just that, im-
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plying that schizocarpy was a synapomorphy (Edlin
1935). This hypothesis is not supported by cpDNA and
morphological evidence presented here (e.g., Fig. 4).
Our evidence shows that schizocarpy (if considered
simply) must have arisen at least twice from within a
clade of capsules.

Decaschistia. Decaschistia is a genus of c. 17 spe-
cies, which extends from tropical Asia to Australia
(Paul 1993). In our analyses, one Australian represen-
tative (D. occidentalis) is placed within a clade contain-
ing all of the species sampled from Hibiscus section
Furcaria (Fig. 2). The Indian species appear to have 3-
nerved calyx lobes, some prominently so (Sivarajan
and Pradeep 1996), a feature that appears to link them
with H. sect. Furcaria. However, none of these species
is reported to have nectaries on the calyx mid-vein or
bifurcate epicalyx lobes, one or the other feature being
present in many species of H. sect. Furcaria (e.g., Wil-
son 1999). If the placement of this single species does
reflect accurately the origin of Decaschistia, then the ge-
nus should not be maintained as a separate tribe, nor
possibly as a separate genus, unless several parts of H.
sect. Furcaria are also raised to generic rank. This is
suggested on the assumption that taxon names in the
Linnaean ranked classification contain most informa-
tion when only monophyletic taxa are named—a point
under debate. Further sampling of taxa and further in-
vestigation into the morphology of this genus is desir-
able to clarify this finding.

Hibiscus Section Furcaria. The genomes of H. sect.
Furcaria have been intensively investigated, primarily
by Menzel and Wilson over several decades (summa-
rised in Wilson 1994). These authors (and their col-
leagues) designated chromosomal groupings of many
diploid and polyploid taxa based on chromosome pair-
ing (Wilson 1994). Where known, these groupings are
indicated in Figure 2. The maternal origin of some al-
lopolyploid taxa can be assigned based on the cpDNA
phylogeny (Fig. 2). For example, Hibiscus radiatus Cav.
is an allotetraploid that combines the A and B diploid
genomes. However, the chloroplasts of this species are
closely related to H. surattensis L., a B-genome diploid.
Therefore, it seems highly likely that the H. radiatus
clade arose from the hybridisation of a maternal B-
genome species with an A-genome pollen donor.

Alyogyne cravenii Fryxell. The placement of Aly-
ogyne cravenii in a clade with members of Hibiscus sec-
tion Bombicella (Fig. 3) would appear to indicate that
the species is generically misplaced. However, the pos-
sibility remains that this species may have acquired a
H. sect. Bombicella-like chloroplast from a hybridisation
event. Upon examination of several morphological fea-
tures (Table 5) it was found that this species shares
numerous features with other H. sect. Bombicella spe-
cies (branching styles, capitate stigmata, staminal col-
umn teeth, reduced endosperm) that are not shared
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with other species of Alyogyne sampled here, confirm-
ing the placement of this species in Hibiscus.

Macrostelia grandifolia Fryxell. Macrostelia is a ge-
nus of four species, three of which are endemic to
Madagascar, whilst the fourth (which was most re-
cently described; Fryxell 1974) is endemic to Australia.
The Australian species, M. grandifolia (including sam-
ples from several morphologically distinct Australian
populations), is unusual in its placement within H.
sect. Bombicella (Figs. 2, 3). However, it is not known
how the Madagascan species are related. The Austra-
lian species may not be congeneric with those of Mad-
agascar (Fryxell also pointed out this possibility), but
the testing of this hypothesis awaits further sampling.

Abelmoschus and Fioria. These two genera have
previously been placed within Hibiscus (Hochreutiner
1900), although more recent treatments have consid-
ered them generically distinct (e.g., Sivarajan and Pra-
deep 1996). However, both genera are nested within a
clade containing Hibiscus and Malvavisceae (Fig. 3). If
this position is substantiated by other evidence, these
genera cannot be maintained unless Hibiscus is also
subdivided into several genera.

In conclusion, the cpDNA evidence presented here
shows that Hibiscus appears to be a paraphyletic
group, containing elements of other genera in Hibis-
ceae, as well as members of two other tribes, namely
Malvavisceae and Decaschistieae. Some of the sections
of Hibiscus appear to form monophyletic groups, while
others do not. The tribe Hibisceae was also found to
be a paraphyletic group. Several genera that have usu-
ally been placed in this tribe instead diverge early
from the remainder of the family. This result was sup-
ported by several morphological characters. Taken to-
gether, these lines of evidence show that the tribal clas-
sification does not adequately represent the evolution-
ary relationships of these genera.

There are several possible options for the amend-
ment of the tribal classification. One solution would be
to create a ‘super’ genus Hibiscus to accommodate the
two tribes nested within it (incorporating c. 280 ad-
ditional species). Alternatively, several (perhaps more
than 10) new genera could be segregated, if the current
generic limits in Malvavisceae were accepted. Either
situation would involve numerous name changes of
well-known and commonly cultivated plants.
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