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MOLECULAR SYSTEMATICS OF CLERODENDRUM

(LAMIACEAE): ITS SEQUENCES AND TOTAL EVIDENCE1
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Thirty-three species of Clerodendrum s.l. and five outgroup genera were included in a sequence analysis of internal
transcribed spacers of the nuclear ribosomal DNA. The results of the cladistic analysis were compared to and combined
with cpDNA restriction site data from a previous study. All molecular data identified four major clades within Clerodendrum
s.l. and showed the genus to be polyphyletic. Clerodendrum s.s., minus Konocalyx and Cyclonema, is monophyletic and
the genus should be restricted to this group. Cyclonema and Konocalyx form a clade distinct from Clerodendrum s.s., which
has been recognized as Rotheca Raf.
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Clerodendrum L. (Teucrioideae, Lamiaceae, sensu
Cantino, Harley, and Wagstaff, 1992) is a pantropical/
subtropical genus, predominantly distributed in Africa,
Asia, and Pacific Oceania, with fewer representatives in
the New World. The genus, comprising 400–500 specific
and subspecific taxa, displays a high degree of morpho-
logical variation. Most classifications distinguish two
large subdivisions within the genus, and as many as four
smaller groups, depending on the author (e.g., Schauer,
1847; Briquet, 1897; Lam, 1919; Thomas, 1936). The
two larger groups, Clerodendrum and Cyclonema
(Hochst.) Gürke, have been ranked at sectional (Briquet,
1897), subgeneric (Thomas, 1936), and generic (Schauer,
1847; Cantino, Harley, and Wagstaff, 1992) levels. Phe-
netic and cladistic studies have led to the suggestion that
Clerodendrum s.l. (sensu lato) is paraphyletic (Stenzel et
al., 1988; Cantino, 1992) or polyphyletic (Winterhalter,

1 Manuscript received 18 December 1997; revision accepted 22 May
1998.

The authors thank those gardens and individuals who supplied plant
material for this research: Joseph Reynold O’Neill Botanic Garden, Brit-
ish Virgin Islands; Townsville Botanic Garden, Australia; John Grim-
shaw, Kilmanjaro Elephant Project, Tanzania; University of California
Botanic Garden, Berkeley, California; D. Willman, Institut für Phar-
mazeutische Biologie, Albert-Ludwigs-Universität, Freiburg, Germany;
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1991; Cantino, 1992; Rimpler, Winterhalter, and Falk,
1992), although until recently (Steane et al., 1997), con-
clusive evidence for this was lacking.

Two studies of cpDNA restriction sites (Steane et al.,
1997) and sequences (Wagstaff et al., 1998) showed Cler-
odendrum s.l. to be polyphyletic. These results indicated
that subgenus Cyclonema (Hochst.) Thomas and section
Konocalyx Verdc. (subgenus Clerodendrum pro parte)
formed a monophyletic group, emerging as a lineage dis-
tinct from the rest of Clerodendrum. Sequence data from
ndhF indicated that Tetraclea is nested within Cleroden-
drum s.s. (sensu stricto) (i.e., subgenus Clerodendrum ex-
cluding section Konocalyx), therefore indicating that
Clerodendrum s.s. is paraphyletic (Steane et al., 1997).

There is still uncertainty, however, surrounding the pu-
tative polyphyly ofClerodendrum s.l. The morphological
studies of Cantino (1992) and Rimpler, Winterhalter, and
Falk (1992; this study also included phytochemical data)
both found Clerodendrum to be non-monophyletic, but
there is substantial discord between the findings of the
two studies with respect to relationships within Clero-
dendrum s.l. and between Clerodendrum s.l. and other
labiate genera. Furthermore, the strict consensus of Can-
tino’s (1992) study was too poorly resolved to determine
whether Clerodendrum is paraphyletic or polyphyletic.
Sampling of Clerodendrum s.l. in the sequencing study
of Wagstaff et al. (1998) was restricted to two species,
and more comprehensive sampling is required to confirm
the polyphyly of Clerodendrum s.l. Finally, one criticism
of the cpDNA-based phylogenies centers on the unipa-
rental mode of chloroplast inheritance (Harris and In-
gram, 1991; Mogensen, 1996). Phylogenetic reconstruc-
tions based on cytoplasmically inherited genomes may be
susceptible to significant error from hybridization and in-
trogression or lineage sorting (Rieseberg and Soltis,
1991; Doyle, 1992). Comparisons of trees derived from
nuclear DNA with those derived from cpDNA may assist
in the identification of such problems, as well as provid-
ing corroborative evidence of relationships hypothesized
by cpDNA data.

Steane et al. (1997) identified four distinct groups
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within Clerodendrum s.l., three of which together form a
clade. The fourth forms a monophyletic group distinct
from the other three and probably deserves delimitation
as a separate genus. These findings require corroboration
before evolutionary or biogeographic interpretations can
be made.

The internal transcribed spacers (ITS) of the nuclear
ribosomal DNA repeat (nrDNA) are two regions of non-
coding and relatively rapidly evolving DNA sequence
that flank the very slowly evolving 5.8S ribosomal RNA
gene. The region comprising the ITS and 5.8S gene has
been used extensively for phylogenetic inference among
relatively closely related species (e.g., Gonzalez et al.,
1990; Lee and Taylor, 1992; Baldwin, 1992, 1993; Bald-
win et al., 1995; Suh et al., 1993; Wojciechowski et al.,
1993; Yuan, Küpfer, and Doyle, 1996).

The nrDNA sequence data presented in this paper are
compared to and combined with restriction site data from
the chloroplast genome presented in a previous study
(Steane et al., 1997). There are two basic approaches to
combining independent data sets, or ‘‘process partitions’’
(i.e., subsets of characters with different evolutionary and
biological properties; Bull et al., 1993; Miyamoto and
Fitch, 1995), for the same group of organisms. Firstly,
sets of trees from separate analyses of different data sets
may be combined and a consensus tree computed. Such
consensus methods provide an indication of the congru-
ence among trees produced from the different data sets
and may be useful for comparing competing hypotheses
of relationship, e.g., those arising from organelle-based
analyses and those based on other data sets (Miyamoto,
1985; Hillis, 1987; Miyamoto and Fitch, 1995). Miya-
moto and Fitch (1995) argue that the evolutionary and
biological properties of different data sets make it likely
that agreement among their resulting topologies is the
result of the true species phylogeny rather than of similar,
but nonphylogenetic, factors responsible for the separate
histories of character sets, or of systematic errors and
model failures in phylogeny reconstruction methods.
Hence, they emphasise corroboration between indepen-
dent data sets as a means to formulate phylogenetic hy-
potheses.

Alternatively, independent data sets may be combined
and analyzed simultaneously. This provides an assess-
ment of the overall congruence of characters from all
sources of data and may enhance detection of the true
phylogeny. By increasing the number of characters in an
analysis, phylogenetic signal may assert itself over the
noise (coincidental similarity due to homoplasy) from
each individual data set, resulting in a more accurate es-
timate of true phylogeny (Barrett, Donoghue, and Sober,
1991; Mishler, 1994; Olmstead and Sweere, 1994). Com-
bined analysis may resolve conflict among trees from
separate analyses (e.g., Kim and Jansen, 1994), may re-
solve phylogeny at different levels (e.g., Pennington,
1996), and may reveal groups not present in any of the
separate trees. However, if there is heterogeneity among
data sets with respect to some property that affects phy-
logeny estimation (e.g., differences in substitution rate;
Bull et al., 1993), then combining the data can give mis-
leading results (de Queiroz, Donoghue, and Kim, 1995).
Where different data sets yield strongly supported but
conflicting cladograms it may be judicious to keep the

data sets separate. The Incongruence Length Difference
(ILD) test of Farris et al. (1994) assesses the heteroge-
neity of data sets and gives an indication of whether there
is good reason for keeping them separate.

The goals of this study were to: (1) use nuclear DNA
to corroborate results derived from chloroplast DNA
(Steane et al., 1997); (2) use consensus methods to iden-
tify areas of agreement between the cpDNA and the
nrDNA of Clerodendrum; and (3) use congruence meth-
ods by combining data from both sources to provide the
most accurate reflection of Clerodendrum phylogeny
based on all available molecular evidence.

MATERIALS AND METHODS

Thirty-three of the 79 accessions of Clerodendrum that had been
included in the cpDNA restriction site analysis (Steane et al., 1997)
were selected for inclusion in a sequence analysis of the 5.8S nrDNA
and the flanking ITS regions. All subgenera and sections of Cleroden-
drum s.l. were represented except for subgenera Kalaharia and Tridens,
section Eurycalyx (Thomas) Verdc. (subgenus Clerodendrum pro parte),
and sections Racemiflora, Oligocymosa Thomas, and Pleurocymosa
Thomas (subgenus Cyclonema pro parte). Putative outgroups for the
analysis were selected on the basis of existing theories of relationships
(Cantino, 1992) and the relationships inferred by cpDNA (Steane et al.,
1997), although sampling was constrained by the availability of mate-
rial. Karomia Dop. (Clerodendreae), Trichostema L., Caryopteris Bun-
ge (Caryopterideae), Oxera, and Faradaya (Clerodendreae) were in-
cluded as outgroups.

The DNA samples used in the sequence analysis were the same as
those used in the cpDNA analysis of Steane et al. (1997). The 5.8S
nrDNA and flanking ITS regions were amplified using the polymerase
chain reaction (PCR) with primers ITS 5 and ITS 4 (White et al., 1990).
The amplification conditions were those described by Baldwin (1992):
978C for 1 min, 488C for 1 min, and 728C for 45 s increasing by 4 s/
cycle over 40 cycles. Single-stranded DNA was produced by including
10 mL of double-stranded DNA in a second 100-mL reaction mixture
containing only one of the two primers (Kaltenboeck et al., 1992).
Twenty-five cycles of PCR were required for the single-stranded am-
plifications.

Single-stranded PCR products were sequenced with TAQuence
(Amersham, Arlington Heights, Illinois), using 32P dATP, in accordance
with the recommendations of the manufacturer. The sequencing reac-
tions were primed using the ITS 5 and ITS 4 primers externally, and
ITS 3 and ITS 2 internally. Both strands of DNA were sequenced. To
overcome band compressions in the gels, reactions containing 7-deaza-
dGTP were run in addition to reactions containing dGTP.

Sequences were aligned using the DNA sequence alignment program
Clustal V (Higgins, Bleasby, and Fuchs, 1991), followed by visual in-
spection (GenBank database accession numbers GBANU77739–
GBANU77768). Taxa included in the study have highly divergent ITS
sequences, with numerous substitutions, insertions, and/or deletions.
Two sets of similar sequences emerged, one of which comprised taxa
from subgenus Cyclonema and section Konocalyx (subgenus Cleroden-
drum pro parte). The other group comprised the remaining Cleroden-
drum taxa. The sequences within each set were of similar length and
could be aligned easily. One particular sequence tract (;120 bp long)
was aligned easily within each group of taxa but not between the
groups. In the alignment used in the phylogenetic analyses, a corre-
sponding series of gaps was inserted in each alternate group of taxa in
this region. This allowed the use of all reliable data to resolve relation-
ships within each of the groups, as well as using the other data that
were alignable between the groups for higher level resolution. Sequence
within this region was omitted from the outgroup taxa, because align-
ment with either one of the two groups of Clerodendrum was ambig-
uous.
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TABLE 1. Numbers of informative and uninformative characters in-
cluded in the combined data set.

Characters

Number of characters

cpDNA data nrDNA data Total data

Informative
Uninformative

329
215

285
623

614
838

Constant
Autapomorphic

24
191

431
192

455
383

Total
Missing dataa

544
3.1%

908
7.1%

1452
5.6%

a ‘‘Missing data’’ refer to the percentage of cells in the data matrix
scored as ‘‘missing’’ (does not count gaps in the sequence alignment).

TABLE 2. Approximate sizes of internal transcribed spacers.

Clade/taxon

Size range (bp)

ITS 1 ITS 2

Clade I
Clade II
Clade III
Clade IV
Faradaya
Oxera
Caryopteris

200–203
211–216
211–230
218–229

207
?a

?a

217–222
218–224
217–223
212–219

216
214
235

a Question marks indicate sequence not complete for region indicated.

TABLE 3. Estimates of the proportion of G 1 C in the ITS plus 5.8S
nrDNA.

Clade Range Average

I
II
III
I–III
IV
Faradaya/Oxera
Caryopteris/Trichostema
Karomia

0.540–0.582
0.549–0.583
0.569–0.594
0.540–0.594
0.623–0.665
0.599–0.625
0.650–0.701

0.651

0.567 6 0.013
0.573 6 0.011
0.586 6 0.009
0.574 6 0.014
0.641 6 0.015
0.612 6 0.018
0.676 6 0.036

0.651

Pairwise percentage sequence divergence values were calculated by
dividing the patristic distance between the taxa (based on the alignment
between all taxa) by the total number of base pairs (bp) sampled in
each data set (i.e., 913 bp in the nrDNA sequence data set and 4890
bp in the cpDNA restriction site data set) and multiplying by 100.

Chloroplast DNA restriction site data for the 33 accessions used in
the present study were obtained from an earlier study (Steane et al.,
1997). These data were analyzed independently of and in conjunction
with the nrDNA sequence data obtained in the present study. Data sets
from this smaller cpDNA analysis and the nrDNA sequence analysis
were combined, resulting in a data matrix comprising 38 taxa and 1452
characters (Table 1).

Parsimony analyses were undertaken using PAUP vers. 3.1.1 (Swof-
ford, 1991). Heuristic searches were carried out using 100 replicates of
a random addition sequence, followed by TBR (tree bisection and re-
connection) branch swapping with steepest descent (MULPARS on). A
strict consensus tree was computed from each set of equally most par-
simonious trees. Each data set was bootstrapped 250 times, using closest
addition sequence, followed by TBR branch swapping with steepest
descent (MULPARS off). The consensus analysis was carried out by
combining the sets of trees that had been obtained in previous analyses
and calculating a semistrict consensus. The ILD test of Farris et al.
(1994; as implemented in PAUP* v. 4.0d56, kindly provided by D. L.
Swofford) was used to test for incongruence between the data matrices.

The data matrices are available from treeBASE [study accession
number 227; matrix accession number M248 (ITS); and matrix acces-
sion number M249 (cpDNA)] and the first author.

RESULTS

The boundaries of the internal transcribed spacers and
the nrDNA coding regions in the 38 accessions were
identified by comparison with those of tomato [Solanum
lycopersicum L. (Solanaceae); Kiss et al., 1988]. For
most taxa, ;650 nucleotides were sequenced; the aligned
sequence length, including an ;120-bp gap (see Mate-
rials and Methods), was 913 bp. The length of the 5.8S
nrDNA was 165 bp in Faradaya, Oxera, and all Clero-
dendrum taxa for which data were available, except C.
acerbianum, which was 166 bp long. These lengths are
close to those reported for other taxa [e.g., 163 in tomato
(Kiss et al., 1988); 164 bp in members of Winteraceae
(Suh et al., 1993) and Calycadenia (Compositae; Bald-
win, 1993)]. The 5.8S nrDNA of Caryopteris, Karomia,
and Trichostema were not sequenced completely. The
length of the ITS 1 region in the taxa surveyed ranged
from 200 bp in C. paniculatum to 230 bp in C. glabrum
(Table 2). Within Clerodendrum ITS 2 ranged from 212
bp in C. incisum to 219 bp in C. makanjanum and C.
myricoides ssp. muenzneri (Table 2). The longest ITS 2

sequence was in Caryopteris (235 bp). The size ranges
of both ITS 1 and ITS 2 for Clerodendrum are within the
ranges reported for other taxa (Baldwin, 1993; Baldwin
et al., 1995; Suh et al., 1993; Wojciechowski et al., 1993).

Estimated sequence divergence ranged from 0.3 to
5.9% within subgenus Clerodendrum (excluding section
Konocalyx) and from 1.0 to 7.7% within the group com-
prising subgenus Cyclonema and section Konocalyx.
Pairwise comparison of taxa between these two major
groupings revealed approximate (due to the region of am-
biguous sequence alignment between groups) sequence
divergence values from 7.2 to 13.7%.

Sequence divergence values for the cpDNA were low-
er than those observed in the nrDNA. Approximately
4890 bp were sampled indirectly in each accession, using
ten 6-bp recognition site enzymes and 43 cpDNA probes.
Estimated cpDNA sequence divergence ranged from 0 to
1.8% within subgenus Clerodendrum (excluding section
Konocalyx) and from 0 to 0.96% within Cyclonema plus
section Konocalyx. Between these two taxonomic group-
ings the range was 4.3 to 5.2%.

G 1 C contents are shown in Table 3. The higher G
1 C content observed in members of Clade IV and the
outgroup taxa relative to taxa in Clades I–III may account
for the difficulty experienced in sequencing some out-
group species and members of subgenus Cyclonema, be-
cause high G 1 C levels can cause stronger template
secondary structures, which can confound sequencing re-
actions.

Parsimony analysis of the nrDNA sequence data yield-
ed 20 equally most parsimonious trees of 1018 steps (Fig.
1; Consistency Index, excluding uninformative charac-
ters, CI 5 0.557; Retention Index, RI 5 0.713). The CI
value indicates a relatively low level of homoplasy rel-
ative to the number of taxa included (Sanderson and Don-
oghue, 1989), but when adjusted for taxonomic level is
comparable to other sequencing studies (Givnish and
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Fig. 1. (A) One of the 20 most parsimonious trees of 1018 steps derived from cladistic analysis of ITS sequence data. (B) One of the 12 most
parsimonious trees of 646 steps obtained after cladistic analysis of cpDNA restriction site data. Numbers above branches represent branch lengths.
Clades I–IV are indicated. Clerodendrum species traditionally assigned to subgenus Clerodendrum are marked with a dot and those belonging to
subgenus Cyclonema are marked with a diamond. VK, Subgenus Volkameria. The section to which each species of Clerodendrum has been assigned
(Moldenke, 1985; Verdcourt, 1992; see Steane et al., 1997) is indicated after the species name: AX, Axilliflora; CC, Cornacchinia; CL, Cleroden-
drum; CN, Cylindrocalyx; CP, Capitata; CY, Cyclonema; DN, Densiflora; KO, Konocalyx; MA, Macrocalyx; MI, Microcalyx; OD, Odontocalyx;
OX, Oxycalyx; PN, Penduliflora; SA, Siphonanthus; SC, Siphonocalyx; SQ, Squamata; ST, Stacheocymosa. Other abbreviations: cland., clandonen-
sis; disc., discolor; kili., kilimandscharense; myr., myricoides; Madag., Madagascar. See Appendix 1 in Steane et al. (1997) for collection details
of each accession.

Sytsma, 1997). Bootstrap values of 91, 92, 96, and 95%
supported Clades I, II, III, and IV, respectively (Fig. 2A).
Clerodendrum s.s. (i.e., Clades I–III) was supported by a
bootstrap value of 96%. The position of Faradaya and
Oxera as the sister group to Clerodendrum s.s. (i.e.,

Clades I–III) is in agreement with the results obtained
from the cpDNA restriction site data (Fig. 2B; Steane et
al., 1997). Caryopteris and Trichostema formed the sister
group to Clerodendrum s.l. (i.e., Clades I–IV) plus Far-
adaya and Oxera, rather than forming the sister group to
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Fig. 2. Comparison of strict consensus trees derived from (A) nuclear ribosomal ITS sequence data and (B) cpDNA restriction site data.
Bootstrap percentages are shown above branches. Clades I–IV are indicated. Abbreviations and symbols are as in Fig. 1.

Clerodendrum s.s. (i.e., Clades I–III) plus Faradaya and
Oxera, as in the cpDNA results (Figs. 1B, 2B; Steane et
al., 1997).

A subset of the taxa included in an earlier analysis of
Clerodendrum cpDNA (Steane et al., 1997) was selected
to correspond to those taxa for which sequence data were
available. As a result ;5% of the 456 potentially infor-
mative characters from the original data set (Steane et al.,
1997) became constant and 23% became autapomorphic.
Sequence data for Holmskioldia were not available, so
the cladograms from the smaller cpDNA analysis and
from the nrDNA analysis were rooted with Karomia as

the outgroup (see Steane et al., 1997). Analysis of the
data produced 12 equally most parsimonious trees, each
646 steps long, including autapomorphies [Fig. 1B; CI 5
0.672, RI 5 0.915]. A strict consensus tree was computed
(Fig. 2B) that is largely congruent with the consensus tree
from the complete set of taxa (Steane et al., 1997). There
are a few areas of conflict between the two cladograms.
In Clade I of the strict consensus of the large-scale anal-
ysis, C. paniculatum emerges in a clade with C. japoni-
cum, C. speciosissimum, and C. buchanani (section Squa-
mata). In the strict consensus tree of the smaller data set,
C. paniculatum emerges in a clade with C. longiflorum
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Fig. 3. (A) Semistrict consensus of 20 trees from nrDNA ITS sequence data and 12 trees from cpDNA restriction site data. (B) Strict consensus
of 120 most parsimonious trees of 1687 steps obtained after cladistic analysis of combined sets of nrDNA ITS sequence data and cpDNA restriction
site data. Bootstrap percentages are shown below branches. C and N, above branches, indicate clades that were resolved independently in either
the cpDNA or the nrDNA analyses, respectively. Asterisks indicate clades that were not resolved by either of the independent analyses. Clades I–IV
are indicated. Abbreviations and symbols are as in Fig. 1.

(section Axilliflora) and C. minahassae (section Siphon-
anthus). In Clade II of the strict consensus of the large-
scale analysis, C. hildebrandtii and C. rotundifolium
emerge as sister taxa. In the strict consensus of the small-
er data set, C. buchneri emerges as the sister species to
C. rotundifolium. Other differences between the smaller
and larger analyses result from a lack of resolution rather
than incongruent topologies.

Clades II and IV arise in 100% of the bootstrap rep-
licates; Clade III is supported by a bootstrap proportion
of 99% and Clade I is supported by a bootstrap propor-
tion of 68%. Clerodendrum s.s. has 98% bootstrap sup-
port. Faradaya and Oxera appear as the sister group to
Clerodendrum s.s. (Clades I–III) in a clade with 100%
bootstrap support.

The set of 12 equally most parsimonious trees derived
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TABLE 4. P values obtained from 500 replicates of the Incongruence
Length Difference test.

Taxon partition Pa

All taxa
Clerodendrum s.l. (Clades I–IV)
Clerodendrum s.s. plus Faradaya and Oxera
Clerodendrum s.s. (without Faradaya and Oxera)
Clade IV
Clade III
Clade II
Clade I

0.002 (S)
0.032 (S)
0.092 (ns)
0.146 (ns)
0.080 (ns)
1.000 (ns)
0.069 (ns)
0.372 (ns)

a S 5 significant; ns 5 not significant.

from the cpDNA data was combined with the set of 20
trees derived from the nrDNA sequence data to produce
a set of 32 trees; there were no trees common to the two
original sets. In the semistrict consensus tree (Fig. 3A),
the four major clades of Clerodendrum (Steane et al.,
1997) are preserved, with Faradaya and Oxera forming
the sister group to Clades I–III. Topological incongruence
within Clades I–IV between the cpDNA analysis and the
nrDNA analysis are manifest in the semistrict consensus
of both sets of trees by reduced resolution within Clades
I–IV (Fig. 3A) and a trichotomy between (1) subgenus
Cyclonema and section Konocalyx (Clade IV), (2) sub-
genus Clerodendrum (excluding section Konocalyx) plus
Faradaya and Oxera, and (3) Caryopteris and Trichos-
tema.

The ILD test evaluates the null hypothesis that a cho-
sen partition is a random partition of the data. Rejection
of that null hypothesis means that there may be some
meaningful conflict between the data sets that cannot be
attributed to sampling error. The ILD test results on the
combined data set (Table 4) indicate that the cpDNA and
nrDNA partitions were significantly different from ran-
dom partitions of the combined data (P 5 0.01). This
suggested that caution should be exercised when com-
bining the two data sets. The taxa were partitioned into
each of the four clades (I–IV), and each partition was
analyzed separately in order to determine whether the
conflict in the data sets was localized in a particular re-
gion of the analysis. Significant conflict was not localized
within any single clade (all had P values .0.05; Table
4), nor was there significant conflict in Clerodendrum s.s.
(Clades I–III combined).

The sequence data made up 46% of the total infor-
mative characters (Table 1). Analysis of the combined
data set produced 120 equally most parsimonious trees
of 1687 steps (Fig. 4; CI 5 0.581; RI 5 0.841). The strict
consensus tree (Fig. 3B) is well resolved in comparison
to the semistrict consensus tree of the combined sets of
trees (Fig. 3A). Clerodendrum s.l. is divided among four
well-supported clades (I–IV), corresponding to those ob-
tained from independent analyses of the two data sets
(e.g., Fig. 2). Clade I is supported by a bootstrap value
of 94% and Clades II, III, and IV are all found in 100%
of bootstrap replicates. Clerodendrum s.s. (Clades I–III)
has 100% bootstrap support. The clade comprising Far-
adaya and Oxera, the clade comprising Trichostema and
Caryopteris, and Clade IV form successive sister groups
to Clades I–III (Clerodendrum s.s.), in agreement with
the results of the cpDNA-based analysis (Fig. 2B).

The strict consensus contains clades particular to one
or the other or both of the separate data sets (Fig. 3B).
Clade III is fully resolved and congruent with the cpDNA
tree. Clade II is fully resolved, containing one clade that
is congruent with the nrDNA results and three clades that
were not resolved by either of the independent analyses.
Results of the ILD tests (Table 4) suggest, however, that
the topology within Clade II should be regarded cautious-
ly (an ILD test with C. splendens removed resulted in an
increased P value of 0.802, suggesting incongruence
among the data for this species). The combined analysis
identified the sister-group relationship between the clade
comprising Caryopteris and Trichostema and the clade
comprising Clades I–III plus Faradaya and Oxera, which
was originally detected in the analyses of the cpDNA
restriction site data (Fig. 2B; Steane et al., 1997), but not
of the nrDNA sequence data (Figs. 1, 2).

DISCUSSION

Phylogenetic analysis of the sequence data from the
5.8S nrDNA and flanking ITS sequences suggests that
Clerodendrum s.l. is polyphyletic, as was found by anal-
ysis of cpDNA restriction site data and sequence data
(Steane et al., 1997). The four clades, I–IV, that were
identified in that study are evident from the nrDNA se-
quence data, although the topologies within clades differ
between the two data sets.

All clades that are resolved in the consensus of the
separate analyses are preserved in the analysis of the
combined data, except for one infraspecific clade in C.
myricoides, which is unresolved (Fig. 3). Amalgamation
of the two data sets resulted in increased resolution of
the unresolved regions of the semistrict consensus of the
separate data sets. In regions where the two data sets
agree, the combined data yield fully resolved clades and
increased bootstrap support (most importantly, the reso-
lution of Clades I–IV and the polyphyly of Clerodendrum
s.l.; Fig. 3). There are regions in which the independent
data sets do not agree, but the signal in the combined
data set either yields results congruent with those from
one or the other data set (e.g., within Clades I, III, and
IV, and the position of Caryopteris and Trichostema rel-
ative to the ingroup; Fig. 3), or yields results that were
found by neither of the data sets (Clade II; Fig. 3). In
some regions where the two data sets conflict, the re-
sulting cladogram is unresolved. For example, the place-
ment of C. makanjanum is the only case in which well-
supported results in each separate analysis are incongru-
ent (82% bootstrap support for placement with section
Cyclonema in cpDNA and 92% bootstrap support for
placement with section Konocalyx in nrDNA; Fig. 2).

If the assumption of character independence is violated
in either of the data sets, results of the analysis of the
combined data may not be a good indicator of phylogeny.
The ILD test (Farris et al., 1994) did not indicate signif-
icant character incongruence, within any of the individual
clades or within Clerodendrum s.s. (Table 4). However,
for the entire data set and when the data are restricted to
Clerodendrum s.l. (no outgroups), significant incongru-
ence is encountered. It may be significant that Clade IV
and the outgroups, particularly Karomia, Caryopteris,
and Trichostema, have higher G 1 C content in their ITS
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Fig. 4. One of the 120 most parsimonious trees of 1687 steps derived from combined nrDNA sequence data and cpDNA restriction site data.
Branch lengths are divided into the number of base changes in the nrDNA ITS sequence data plus the number of restriction site gains/losses in the
cpDNA restriction site data, respectively. Clades I–IV are indicated. Abbreviations and symbols are as in Fig. 1.

sequences than Clades I–III (Table 4). This difference in
G 1 C content also may be responsible for the only major
difference between the ITS and cpDNA trees (Fig. 2).
The cpDNA data provide strong support (bootstrap 5
100%) for the sister-group relationship of Caryopteris/
Trichostema with Clerodendrum s.s. plus Faradaya/Ox-
era, whereas the ITS sequences weakly support (boot-
strap 5 68%) a basal position for Caryopteris/Trichos-
tema. In the ITS tree (Fig. 2A), the Caryopteris/Trichos-
tema clade, which has the highest G 1 C content, is clos-

est to the outgroup, Karomia, which has the next highest
G 1 C content. In other, more extreme cases, differences
in base composition have resulted in biased phylogenetic
interpretations (Hasegawa and Hashimoto, 1993). In stud-
ies based on cpDNA restriction sites and sequences (Steane
et al., 1997; Wagstaff et al., 1998), the association of
Caryopteris/Trichostema with Clerodendrum s.s. always
has been found.

The polyphyly of Clerodendrum s.l. is demonstrated
by analysis of cpDNA restriction site data and nrDNA
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data, both separately and together. All analyses agree that
Clerodendrum s.l. is divided into four distinct clades (I–
IV). The species composition of each clade is constant
between analyses. Together, Clades I–III form a paraphy-
letic group (ndhF data show that Tetraclea is nested with-
in Clerodendrum s.s.; Steane et al., 1997), comprising
subgenera Volkameria and Clerodendrum except section
Konocalyx. Section Konocalyx groups with subgenus Cy-
clonema in Clade IV, disjunct phylogenetically from
Clades I–III. These results have important implications
for the classification of Clerodendrum s.l. Two distinct
monophyletic groups (Clades I–III plus Tetraclea and
Clade IV) deserve recognition. Subgenus Cyclonema and
section Konocalyx (subgenus Clerodendrum pro parte;
Clade IV) should be removed from Clerodendrum s.l. and
Tetraclea included (see Steane et al., 1997) for a mono-
phyletic delimitation of Clerodendrum s.s. (Clades I–III).
Cantino, Harley, and Wagstaff (1992) reinstated Cyclo-
nema as a genus and, although they did not circumscribe
the genus, Cantino (P. D. Cantino, Ohio University, per-
sonal communication) considers that section Konocalyx
should be included in it. The results presented in this
paper support the reinstatement of Cyclonema plus sect.
Konocalyx as a genus (properly named Rotheca Raf., Raf-
inesque, 1837; Steane and Mabberley, 1998).

The results from the molecular data also have impli-
cations for subdivision of Clerodendrum s.s. The genus
is split into three clades of which two (Clades I and II)
are definable on the basis of geography. The separation
of Clade I (in which all species are Asian) and Clade II
(in which all species are African) in all analyses suggests
that most African and Asian taxa form genetically iso-
lated groups. The exceptions to this rule lie in Clade III
where all molecular evidence suggests that several spe-
cies that inhabit coastal areas in central America (C. acu-
leatum), Asia (C. inerme), and Africa (C. acerbianum, C.
eriophyllum, C. glabrum, and C. aff. humbertii) form a
monophyletic group. The position of Clade III as sister
group to Clades I and II suggests that the African and
Asian species of Clerodendrum in the latter two clades
are more closely related to each other than they are to
those taxa in Clade III. The position of Tetraclea (from
southern North America) relative to Clades I–III of Cler-
odendrum has not been established (Steane et al., 1997).
The separation of Clades I, II, and III never has been
acknowledged in schemes for subdividing Clerodendrum.
Moldenke (1985) separated Asian taxa from African taxa,
thus splitting Clade III, but this was probably more for
convenience than through a sense of shared ancestry in
each region.

Thomas (1936) and Schauer (1847) proposed systems
for classifying all species of Clerodendrum s.l. Insuffi-
cient taxa were included in this study to determine fully
the efficacy of Schauer’s system of division within Clade
I (Asian taxa), but the results of the large cpDNA analysis
(Steane et al., 1997) suggest that Schauer’s inflorescence-
based system is problematic. Furthermore, to apply
Thomas’ scheme globally would result in the recognition
of polyphyletic groups. For example, Thomas placed C.
speciosissimum (‘‘C. fallax’’; sect. Squamata sensu
Schauer) in subsection ‘‘Obtusata’’ (5 subsection Fallax
section Oxycalyx; Verdcourt, 1992). We disagree with this
classification for two reasons: (1) all analyses of molec-

ular data separate the African and Asian Clerodendrum
s.s. taxa (except for those coastal species in Clade III),
and it is therefore unlikely that C. speciosissimum (Clade
I) is closely related to other members of the predomi-
nantly African section Oxycalyx (Clade II); (2) analysis
of the larger cpDNA data set (Steane et al., 1997) sug-
gests that section Squamata is a monophyletic group, and
this is supported by morphological and chemical char-
acters (Stenzel et al., 1988).

Cladistic analysis of molecular data from both the
chloroplast and nuclear genomes of Clerodendrum s.l.
has demonstrated that the classification systems devised
for the genus in the past (Schauer, 1847; Thomas, 1936;
Moldenke 1985) inadequately reflect the natural group-
ings within the genus. A thorough revision of the genus
is necessary. Cyclonema has been reinstated as a genus
and delimited to include section Konocalyx (Rotheca
Raf.; Steane and Mabberley, 1998). The infrageneric taxa
of Clerodendrum s.s. (Clades I–III) may be characterized
by unique combinations of morphological (as well as
geographical) characters, providing the foundation on
which to construct a robust, functional classification that
also reflects the phylogenetic history of the plants.
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