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Origin of the cyathium-bearing Euphor bieae (Euphor biaceae).
phylogenetic study based on morphological characters
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Abstract. A cladistic analysis of the subfamily Euphorbioideae was undertaken to elucidate the origin of the cyathium-
bearing Euphorbieae and to provide hypotheses about evolutionary relationships within the subfamily. Twenty-one
species representing most of the genera within the study group and three outgroup taxa from the subfamilies
Acalyphoideae and Crotonoideae were selected for parsimony analysis. An unweighted parsimony analysis of 24
morphological characters resulted in five equally parsimonious trees with consistency indices of 0.67 and tree lengths
of 39 steps. The strict consensus tree supported monophyly of the cyathium-bearing Euphorbieae. The sister group
relationships of cyathium bearing Euphorbieae with Maprounea (subtribe Hippomaninae) were supported weakly,
and the origin of cyathium is possibly in Hippomaneae, or in the common ancestor of Euphorbieae and remaining
taxa of Euphorbioideae plus Acalyphoideae. Within the tribe Euphorbieae, both subtribes Euphorbiinae and
Neoguilauminiinae are monophyletic, but the African endemic subtribe Anthosteminae is unresolved. The resulting
trees support the monophyly of the tribe Stomatocalyceae while the tribe Hippomaneae does not consistently form

aclade.
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I ntroduction

In arecent classification of subfamily Euphorbioideae
Boiss., Webster (1975, 1994b) recognized six tribes:
Stomatocalyceae (Muell. Arg.) Webster, Hippomaneae A.
Juss. ex Spach, Pachystromateae (Pax & Hoffm.) Pax,
Hureae Dumortier and Euphorbieae Blume. Among these
the cyathium-bearing taxa are restricted to the tribe
Euphorbieae. Compared to Webster’s system, Pax (1924)
recognized only two closely related tribes: Hippomaneae
and Euphorbieae, and one remotely related tribe, Gelonieae
(Muell. Arg.) Pax, on his phyletic tree. However, Gelonieae,
corresponding in part to Webster’s tribe Stomatocalyceae,
was indicated as closely related to tribe Manihoteae
(Muell. Arg.) Pax of the subfamily Crotonoideae Pax in
Pax’s system.

The highly specialized inflorescence—cyathium—of
Euphorbieag, is characterized by a central female flower
and four or five lateral groups of male flowers within the
involucre. Although the unique cyathium in Euphorbieae
has been considered evidence of a natural group, the ori-
gin and nature of this character have been interpreted di-
versaly (Jussieu, 1824; Mueller, 1866; Haber, 1925; Croizat,
1937, 1942; Gilbert, 1994).

Croizat (1937, 1938) pointed out a strong resemblance
between Euphorbieae and Hippomaneae except with regard
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to the position of afemale flower. Accordingly, the Eu-
phorbia-like cyathium results from the alteration of floral
axis and the condensation of the axis of male flower in
Hippomaneae. Thisinterpretation is also supported by Pax
(1924), whose idea of relationships in Euphorbiaceae indi-
cates that Hippomaneae is most closely related to
Euphorbieae.

A recent hypothesis, however, does not support the
traditional relationships (Pax, 1924; Croizat, 1937, 1938) but
rather suggests origin of the cyathium-bearing
Euphorbieae from Crotonoidese (Gilbert, 1994). Within the
Crotonoideae, Jatropha-like species with aprimary female
flower and lateral male flowers are considered ancestors
of Euphorbieae (Gilbert, 1994). Croizat (1942) and Hurusawa
(1954) on the other hand insisted that the cyathium of
Euphorbieae should be derived from the pseudanthium of
Dalechampia Plumier ex L. in Acalyphoideae Ascherson
via Pedilanthus Necker ex Poiteau, but several authors dis-
puted the Dalechampia origin of Euphorbieae (Venkata
Rao, 1971; Webster and Webster, 1972; Webster, 19943).

Pollen morphology indicates that Euphorbia is similar
to Stillingia Garden ex L. and Sapium P. Browne of
Hippomaneae in having an even margo and asimilar sculp-
turing pattern, but its pollen clearly differs from that of
Crotonoideae and Acalypoideae (e.g. Dalechampia)
(Webster and Webster, 1972; Webster and Rupert, 1973;
Park, 1997). The pollen grains of Crotonoideae are mostly
inaperturate with triangular supratectal elements com-
pletely absent in Euphorbieae (Park and Lee, 1988;
Nowicke, 1994; Webster, 1994b).
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Tribe Euphorbieae, the largest tribe within the
Euphorbioideae, is divided into three subtribes:
Anthosteminae (Baillon) Webster, Neoguillauminiinae
Croizat and Euphorbiinae Hurusawa (Webster, 1975,
1994b). Most traditional hypotheses have placed the
Anthosteminae as a basal lineage within the tribe (Pax,
1924; Croizat, 1937). According to the phyletic tree of
Croizat (1937), the Australian endemic Calycopeplus
Planchon in Neoguillauminiiae is to be regarded as the
group most closely related to Euphorbiinae. The
Euphorbiinae is the largest and systematically most prob-
lematic subtribe of the Euphorbioideae, members of which
are recognized by atrue cyathium, which lacks the calyx
of male and female flowers. Most of the taxonomic prob-
lems surrounding Euphorbiinae are due to itslarge size, a
profusion of intergrading and overlapping characters
(Sherff, 1940), and classifications made on the base of lo-
cal flora without comprehensive phylogenetic studies
within the complete ranges of the group (Gilbert, 1994;
Webster, 1994b; Park, 1996).

The objectives of the present study were: 1) to investi-
gate the origin of the cyathium-bearing taxa within sub-
family Euphorbioideae; 2) to investigate the phylogenetic
relationships within tribe Euphorbieae; and 3) to evaluate
Webster's (1994b) recent classification and tribal circum-
scriptions within the Euphorbioideae.
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M aterials and Methods

Twenty-one generain the subfamily Euphorbioideae as
recently circumscribed by Webster (1994b) were included
in the analysis (Table 1). Ingroup monophyly of
Euphorbioideae, as compared to sister groups
Crotonoideae and Acalypoideae, is supported by a num-
ber of apomorphic characters such as whitish latex, simple
trichomes, apetalous flowers, lack of a disk, absence of
vascular bundles in the inner integument, and perforate-
reticulate pollen exine (Webster, 1994b; Tokuoka and Tobe,
1995). Based on the relationships of the Euphorbiaceae
(Levin and Simpson, 1994), three species from the
Crotonoideae and Acalyphoideae were selected as
outgroups for rooting the resulting trees. Taxonomic hy-
potheses based on morphology (Levin and Simpson, 1994),
serology (Jensen et al., 1994), anatomy (Rudall, 1987, 1994),
and molecular data (Wurdack and Chase, 1999) strongly
supported close rel ationships among the three subfami-
lieswithin Euphorbiaceae.

Morphological characters were obtained by examining
herbarium specimens and living materials. Twenty-four
characters from 24 terminal taxawere coded (Tables 2, 3).
Phylogenetic analyses were conducted on an Apple
Macintosh 8600/250 with 80 MBRAM available, using
PAUP Version 4.0d65 (Swofford, 1999) under the assump-

Table 1. Euphorbioideae taxa, their representative species and voucher information for which morphological data obtained in this

study. The classification (system) based on Webster (1994b).

Ingroup

Subfamily Euphorbioideae

Tribe Euphorbieae
Anthostema aubryanum Baill.
Dichostemma glaucescens Pierre
Neogouillauminia cleopatra Croizat
Elaeophorbia drupifera (Thop.) Staff
Calycopeplus oligandrus P. I. Forst.
Cubanthus linearifolius (Gnsef.) Mill.
Pedilanthus tithymal oides (Millsp.) Dressler
Synadenium arborescens Hk. f.
Monadenium laeve Stapf
Euphorbia corollata L.
Euphorbia ebracteolata Hayata
Euphorbia supina Raf.

Tribe Hureae
Hura crepitans L.

Tribe Hippomaneae
Maprounea brasiliensis St.-Hil.
Sebastiana brasiliensis Spreng.
Excoecaria buaaci (Pax) Pax
Sapium japonicum Pax et Hoffm.
Stillingia treculiana |. M. Johnston
Omalanthus popul neus (Geisel.) Pax

Tribe Stomatocalyceae
Hamilcoa zenkeri (Pax) Prain
Pimel odendron anboinicum Hassk.

Outgroup
Subfamily Crotonoideae
Croton monanthogynus Michaus
Jatropha variabilis A. Radcliffe-Smith
Subfamily Acalyphoideae
Acalypha australisL.

J. Lowe 1825 (K)

A.J. M. Leeuwenberg 9823 (K)
H. S. McKee 39509 (K)

M. Hakki 28 (K)

A.R. Bean 9089 (BRI)

E. L. Ekman 4742 (K)

G. N. Batianoff 940725 (OKL)
L. J. M. Wood 8492 (E)

J. Pawek 11030 (K)

K. Park 51 (KNUH)

K. Park 101 (KNUH)

K. Park 10 (SKK)

D. N. Smith & V. Garcia 13869 (OKL)
L. O. Williams 8047 (K)

K. Balkwill et al. 3043 (E)

H. H. Schmidt 1283 (K)

K. Park 201 (KNUH)
D. Seigler & T. Lockwood 9009 (OKL)

G. Zenker 4130 (E)
Y. Lelean & P. E. Stevens 51280 (E)

T. B. Croat 69684 (OKL)

K. Park 202 (KNUH)
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Table 2. Characters and character states used in cladistic analy-
sis of Euphorbioideae.

Succulent stems: 0 = absent; 1 = present.

Male inflorescences: 0 = elongated; 1 = condensed.

Staminate calyx: 0 = present; 1 = absent.

Stamen number: 0=>8; 1 =1-7.

Pistilate calyx: 0 = present; 1 = absent.

Pistilate flower: 0 = basal; 1 = apical.

Style: 0 = undivided; 1 = divided.

Stigma: 0 = thin (tapered); 1 = thick (capitate).

Staminate flower articulation: 0 = absent; 1 = present.

Pistilate flower pedicel: 0 = absent; 1 = present.

Gland position: 0 = absent; 1 = base of male bracts; 2 =

around the male infloresences.

. Glands: 0 = separated; 1 = continuous.

. Gland appendages: 0 = absent; 1 = present.

. Pollen colpus margins: 0 = absent; 1 = present with smooth
margin.

15. Pollen tectum: O = reticul ate or microreticul ate; 1 = foveolate.

16. Seed: 0 = smooth; 1 = tuberculate or wrinkled.

17. Latex color: 0 =red; 1 = yellow; 2 = white.

18. Sexuality: 0 = monoecious; 1 = dioecious.

19. Petiolar glands at the base of leaf blade: 0 = absent; 1 =

present.

20. Ovary: 0=2-3locular; 1=> 3.

21. Bracts: 0 = freg; 1 = connate.

22. Petaloid bracts: 0 = absent; 1 = present.

23. Capsule trichomes: 0 = present; 1 = absent.

24. Staminate petals: 0 = present; 1 = absent.
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tions of Fitch parsimony (Fitch, 1971). The matrix was
analysed using 1,000 random taxon addition sequences
followed by the efficient “tree bisection reconnection”
(TBR) branch swapping algorithm. The characters were
then reweighted using the successive approximations
weighting method proposed by Farris (1969). Weights
were applied according to the rescaled consistency index,
and the procedure was repeated until a stable result was
obtained. In order to further evaluate the stability of dif-
ferent branches in the obtained trees, a Bremer support
analysis (Bremer, 1988; Kaller§o et d., 1992; Bremer, 1994)
was performed, making use of the computer program
“ Autodecay PPC 4.01” (Eriksson, 1998) in combination with
PAUP in the generalized manner described by Bremer
(1994). Furthermore, bootstrap- (Felsenstein, 1985) and
jackknife-analyses (Farris et al., 1996) excluding 37% and
50%, respectively, of the characters were also performed
using PAUP with settings analogous to those described
above.

Results

The first step of the analysis, with unweighted
characters, yielded five equally parsimonious trees with a
length of 39 steps, a consistency index (Cl; Kluge and
Farris, 1969) of 0.67 and retention index (RI; Farris, 1989)
of 0.90. The strict consensus tree is shown in Figure 1.
After successive approximations reweighting a stable
result of 18 equally parsimonious trees with a length of
22.84 steps, Cl = 0.75 and RI = 0.94 was obtained, the strict
consensus of which is shown in Figure 2.

The topologies obtained from the analyses before and
after the successive reweighting procedure differ on sev-
eral points, the main one of which is the identification of
two major lineages within the Euphorbioideae, one of
which includes the outgroup of Acalyphoideaein the latter.
These lineages largely correspond to the well supported
tribe Euphorbieae on one hand, and to an assembly of other
tribes—albeit weakly supported—on the other hand.

In the lineage consisting of several tribes, moderate
support is found for a monophyletic Stomatocayceae, and
weak but unambiguous support for the tribe Hippomaneae.
In the unweighted analysis, however, the tribe
Stomatocalyceae was indicated as the most basal tribe of
the subfamily Euphorbioideae, and the tribe Hippomaneae
as being paraphyletic with respect to Euphorbieae.

Within the tribe Euphorbieae, both subtribes
Euphorbiinae and Neoguilauminiinae are retrieved as
monophyletic, and strongly supported by relatively high
supporting values within the studied group, but the

Table 3. Data matrix of character states used in the cladistic
analysis. “?" designates missing states. The classification based
on Webster (1994b).

Characters
Taxon 000000000111111111122222
123456789012345678901234
Ingroup

Subfamily Euphorbioideae
Tribe Euphorbieae

Anthostema aubryanum
Dichostermma glaucescens
Neogouillauminia cleopatra
Elaeophorbia drupifera
Calycopeplus oligandrus
Cubanthus linearifolius
Pedilanthus tithymal oides
Synadenium arborescens
Monadenium laeve
Euphorbia corollata
Euphorbia ebracteolata
Euphorbia supina

Tribe Hureae
Hura crepitans

Tribe Hippomaneae
Maprounea brasiliensis
Sebastiana brasiliensis
Excoecaria buaaci
Sapium japonicum
Sillingia treculiana
Omalanthus populneus

Tribe Stomatocalyceae
Hamilcoa zenkeri
Pimel odendron anboinicum

Outgroup

Subfamily Crotonoideae
Croton monanthogynus
Jatropha variabilis

Subfamily Acalyphoideae
Acalypha australis

010101111110011020001011
010101111110011020001011
011101111110011020001111
111111111120010020001011
011101111110011020001111
110111111120010720001011
111111111120110020001011
111111111121010120001011
111111111121010120001011
111111111120110020001011
111111111120010020001011
111111111120110120001001

010000000107010020110011

010100000110010020100011
000100000010010020100011
000100000010010020000011
000100000110010020100011
200100000010010020100011
000000000110077?20100011

000002000702001011000011
000007000102000011010011

000000110102001000000000
000001110107001000000000

000000000007000020000001
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Figure 1. Strict consensus tree of six equally most-
parsimonious cladograms obtained from phylogenetic analysis
of unweighted morphological data (length = 39; Cl =0.67; Rl =
0.90). Numbers appearing on the branches indicate, in order,
[bootstrap / jacknife with 37% deletion / jackknife with 50%
deletion / Bremer support].

paleotropical subtribe Anthosteminae was unresolved
(Figures 1 and 2). In the unweighted analysis the genus
Cubanthus (Boiss.) Millsp. is placed as a sister group of
the remaining taxa within the subtribe Euphorbiinag, albeit
weakly supported. In the weighted analysis Cubanthus is
unresolved with regards to Euphorbiinae.

Discussion

Phylogeny and Classification

The resulting topology from the analysis largely corre-
sponds to the tribal classification of Euphorbioideae pro-
posed by Webster (1994b).

The monophyly of Euphorbieae, the cyathium-bearing
group, is particularly well supported by a number of
characters. Branch support values for the clade are sub-
stantial in all of the measures. Within the Euphorbieae,
three subtribes are recently recognized (Webster, 1975,
1994b): subtribe Anthosteminae, including Anthostema
and Dichostemma, subtribe Neoguillauminiinae, contain-
ing Neoguillauminia and Calycopeplus, and subtribe
Euphorbiinae including the remaining genera. However, the
delimitation of these three subtribes is controversial.
Croizat (1937) separated Dichostemma from
Anthosteminae, and placed it within the subtribe
Neoguillauminiinae. In the present analysis our results did
not show the monophyly of Anthosteminae, as proposed
by Webster (1975, 1994b). Neither do they support the
separation of Dichostemma and Anthostema (Croizat, 1937).
However, our analyses recovered the Neoguillauminiinae
and Euphorbiinae clades, as proposed by Webster (1975,
1994b).

The consensus trees of both analyses well support the
monophyly of the Stomatocalyceae. However, the rela-
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Figure 2. Strict consensus tree of 18 equally most parsimoni-
ous cladograms obtained from successive approximations
reweighted analysis of morphological data (length = 22.84; CI
=0.75; Rl = 0.94). Numbers appearing on the branches indicate,
in order, [bootstrap / jacknife with 37% deletion / jackknife with
50% deletion / Bremer support].

tionships between Stomatocalyceae and other genera of
the Euphorbioideae were equivocal because the tribe was
grouped together with Acalyphoideae in the weighted
analysis, or asthe sister group of all other Euphorbioideae.
A previous phylogenetic analysis of Malesian
Hippomaneae, Pimel odendron Hassk. of Stomatocalyceae
always segregated from the tribe Hippomaneae and sug-
gested its divergence within the Euphorbioideae (Esser et
al., 1997). A recent molecular phylogenetic study (Wurdack
and Chase, 1999) suggests that Webster’'s subfamily
Euphorbioideae is not monophyletic and that
Stomatocalyceae is excluded from the subfamily. Al-
though previous pollen studies (Punt, 1987; Nowicke, 1994)
indicated the naturalness of subfamily Euphorbioideae,
pollen characters such as without marginate colpi
(character 13), and rugulate scul pturing pattern (character
12) in the tribe Stomatocal yceae suggest a closer relation-
ship with the subfamily Acalyphoideae (Gillespie, 1994),
or at least an exclusion from Euphorbioideae (Pax and
Hoffmann, 1931). Its habit, colored latex, and oily en-
dosperm (Webster, 1994b) require additional comparison
to taxa outside of Euphorbioideae such as Acalyphoideae
to determine whether Stomatocalycinae may be part of the
tribe Omphaleae or Plukenetieae in Acalyphoideae. A more
global parsimony analysisincluding most of Acalypoideae
and Crotonoideae is required to test the monophyly of
Webster’s subfamily Euphorbioideae.

In the weighted analysis, the New World tribe Hureae
isthe sister group of Hippomaneae and supports the clas-
sification system suggested by Webster (1994b). The two
tribes share a presence of glands at the blade base and
two other parallel characters. This supports the opinion
of Pax (1924) who combined them into a single tribe
Hippomaninae, and placed them as sister groups to each
other.
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The Origin of the Cyathium-Bearing Group

In the unweighted analysis, the cyathium-bearing
Euphorbieae forms a monophyletic group. It is, albeit
weakly supported, nested within Hippomaneae, which is
characterized by bisexual inflorescences with basal
pistilate and central staminate flowers and inclinate flow-
ers (Esser et al., 1997). The analyses both provide some
support for the view that Euphorbieae seemsto be evolved
from a common ancestor to Maprounea of Hippomaneae
rather than from a Jatropha-like ancestor within the sub-
family Crotonoideae (Gilbert, 1994). Furthermore, thisin-
terpretation does not contradict the previous hypothesis
of Webster and Rupert (1973) on the basis of pollen
morphology; they suggested that the Euphorbieae are de-
rived from an ancestral form within the Hippomaneae.

In Hippomaneage, the male inflorescence shows two dif-
ferent types of modification: globose spikes and elongate
spikes. The elongate spikes of male inflorescence occur
in most of the species in Hippomaneae, while the con-
densed male inflorescence, characteristic of Euphorbieae,
is only found in Maprounea of Hippomaneae. Also, in-
sertion of the glands between the clusters of male flowers
is well known in two basal clades, Anthosteminae and
Neoguillauminiinae of the Euphorbieae, and it only occurs
in Maprounea within Hippomaneae. Croizat (1938) sug-
gested that the structure of the inflorescence in the
Euphorbieae is not fundamentally different from that of the
Hippomaneae, except for the position of the axes, because
the cyathium of Euphorbieae has resulted from the con-
densation of the male axis of Hippomaneae. Gilbert (1994)
recently rejected this suggestion and proposed the
Crotonoideae origin of Euphorbieae from a Jatropha-like
ancestor. The results of our analysis of morphological data
are mostly consistent with the hypotheses of Croizat (1938)
and Pax (1924).

However, our weighted analysis supports the alterna-
tive hypothesis that the cyathium is evolved from a com-
mon ancestor of the cyathium-bearing Euphorbieae and
from the remaining taxa of Euphorbioideae plus Acalypha
australis of the subfamily Acalyphoideae.

In conclusion, Webster's (1994) tribes Euphorbieae and
Stomatocalyceae are well supported, but the tribe
Hippomaneae does not form a clade consistently. The
cyathium-bearing Euphorbieae is a well supported tribe,
but whether the tribe originated within Hippomaneae or
had an isolated origin from Euphorbioideae cannot be an-
swered clearly. Therefore, a broad phylogenetic analysis
including Acalyphoideae and Crotonoideae is needed to
resolve the sister group of Euphorbieae.
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