
Molecular Phylogenetics and Evolution 63 (2012) 305–326
Contents lists available at SciVerse ScienceDirect

Molecular Phylogenetics and Evolution

journal homepage: www.elsevier .com/ locate /ympev
Phylogenetics and the evolution of major structural characters in the giant genus
Euphorbia L. (Euphorbiaceae)

James W. Horn a, Benjamin W. van Ee b, Jeffery J. Morawetz c, Ricarda Riina d,e, Victor W. Steinmann f,
Paul E. Berry d, Kenneth J. Wurdack a,⇑
a Department of Botany, Smithsonian Institution, NMNH MRC-166, P.O. Box 37012, Washington, DC 20013-7012, USA
b Black Hills State University Herbarium, 1200 University St., Spearfish, SD 57799, USA
c Rancho Santa Ana Botanic Garden, 1500 North College Ave., Claremont, CA 91711-3157, USA
d Department of Ecology and Evolutionary Biology, and University of Michigan Herbarium, 3600 Varsity Dr., Ann Arbor, MI 48108-2287, USA
e Real Jardín Botánico, CSIC, Plaza de Murillo 2, 28014 Madrid, Spain
f Instituto de Ecología, A.C., Centro Regional del Bajío, A.P. 386, 61600 Pátzcuaro, Michoacán, Mexico

a r t i c l e i n f o a b s t r a c t
Article history:
Received 13 July 2011
Revised 17 November 2011
Accepted 28 December 2011
Available online 21 January 2012

Keywords:
Character state reconstruction
Convergent evolution
Cyathium
Euphorbia
Growth form
Multigene analyses
Xerophyte
1055-7903/$ - see front matter Published by Elsevier
doi:10.1016/j.ympev.2011.12.022

⇑ Corresponding author.
E-mail address: wurdackk@si.edu (K.J. Wurdack).
Euphorbia is among the largest genera of angiosperms, with about 2000 species that are renowned for
their remarkably diverse growth forms. To clarify phylogenetic relationships in the genus, we used max-
imum likelihood, Bayesian, and parsimony analyses of DNA sequence data from 10 markers representing
all three plant genomes, averaging more than 16 kbp for each accession. Taxon sampling included 176
representatives from Euphorbioideae (including 161 of Euphorbia). Analyses of these data robustly
resolve a backbone topology of four major, subgeneric clades—Esula, Rhizanthium, Euphorbia, and Cha-
maesyce—that are successively sister lineages. Ancestral state reconstructions of six reproductive and
growth form characters indicate that the earliest Euphorbia species were likely woody, non-succulent
plants with helically arranged leaves and 5-glanded cyathia in terminal inflorescences. The highly mod-
ified growth forms and reproductive features in Euphorbia have independent origins within the subgen-
eric clades. Examples of extreme parallelism in trait evolution include at least 14 origins of xeromorphic
growth forms and at least 13 origins of seed caruncles. The evolution of growth form and inflorescence
position are significantly correlated, and a pathway of evolutionary transitions is supported that has
implications for the evolution of Euphorbia xerophytes of large stature. Such xerophytes total more than
400 species and are dominants of vegetation types throughout much of arid Africa and Madagascar.

Published by Elsevier Inc.
1. Introduction

Euphorbia L. sensu lato (Euphorbiaceae), with close to 2000 cur-
rently recognized species and a nearly global distribution, is among
the largest of the ‘‘giant genera’’ of flowering plants (Govaerts et al.,
2000; Frodin, 2004). Unlike most other large angiosperm clades
recognized as genera, species richness in Euphorbia is coupled with
remarkable structural variability (Figs. 1 and 2). The combination
of these attributes distinguishes the genus as a promising group
in which to investigate fundamental evolutionary questions about
the origin of morphological novelty and diversification. An under-
standing of the evolution of reproductive and vegetative traits that
encompass the most striking structural variants for which Euphor-
bia is renowned is necessary to achieve this goal. Hence, our pri-
mary objective in presenting a new phylogenetic hypothesis of
Inc.
Euphorbia is to use it as framework for a series of evolutionary
analyses that illuminate the origin and evolution of the kaleido-
scopic structural diversity within the entire clade. We discuss the
biological significance of these results, and comment on their pos-
sible significance to the diversification of Euphorbia. Although we
do not explicitly test the effect of trait origin on diversification,
our results provide a reasonable basis with which to develop two
such hypotheses, which will be addressed in future studies.

Variation in reproductive traits within Euphorbia mostly
involves characteristics of the inflorescences and the seeds.
Euphorbia has a specialized inflorescence type, the cyathium
(Fig. 1a), that mimics a flower by clustering reduced male and fe-
male flowers within a cup-shaped involucre formed from the
bracts associated with groups of male flowers (Hoppe and Uhlarz,
1982; Prenner and Rudall, 2007; Prenner et al., 2008). The cyathi-
um has been invoked as the key innovation that drove the specta-
cular diversification of the clade, because its origin supposedly
enabled a shift from wind pollination in close relatives with
catkin-like inflorescences to insect pollination (Croizat, 1937;
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Fig. 1. Cyathial, seed, and leaf position characters in Euphorbia. (A) Cyathium of E. fasciculata (Clade A), with main features labeled. (B) Top view of cyathium of E. clava (Clade
A), with five dark green unappendaged glands and three lighter green subtending bracts or cyathophylls. (C) Cyathium of E. tamanduana (Clade D; sect. Anisophyllum), with
four green glands each bearing a large white petaloid appendage. (D) Cyathium of E. tithymaloides subsp. padifolia (Clade C; sect. Crepidaria), showing bilateral symmetry and
nectar drop emerging from hidden involucral glands. (E) Dichasium of E. lathyris (Clade B) showing a central, open cyathium flanked by two unopened cymes and with two
open subcyathial bracts behind it. The cyathium has four elliptic glands each with two knob-like appendages. (F) Two cyathia of E. heterophylla (Clade D; sect. Poinsettia),
showing a single cupulate gland on the edge of each involucre. (G) Ecarunculate seeds (clockwise from upper left; not to scale, all clade A except third): E. dregeana, E.
clandestina, E. breviarticulata (Clade C), E. bubalina. (H) Carunculate seeds (clockwise from upper left; not to scale): E. commutata (Clade B), E. nicaeensis (Clade B), E. espinosa
(ventral and dorsal views, Clade D). (I) Alternate leaves and terminal cyathium of E. minuta (Clade B). (J) Alternate leaves and axillary cyathia of E. fulgens (Clade D; sect.
Alectoroctonum). (K) Opposite leaves of E. maculata (Clade D; sect. Anisophyllum). Credits: A. Moller and K. Elliot (A), P. Berry (B, E, I, J), R. Riina (C, F), N. Cacho (D), B. Wagner
and K. Elliot (G, H), K. Wurdack (K).
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Webster, 1967). The principal structures involved in attracting
pollinators in most Euphorbia species are a series of nectary glands
positioned at the rim of the cyathial involucre (Fig. 1a). Differences
in the merosity of this whorl of glands are readily characterizable
among species, and modifications in gland number can confer
either positional or constitutional bilateral symmetry to orient
pollinators. The cyathial glands often bear appendages, which de-
spite their uniform early ontogeny (Hoppe, 1985) are diverse in
shape and size at maturity. These appendages can further enhance
the attractive function of the glands by increasing their visibility.
Cyathia of several Euphorbia species have gland appendages with
a showy, petaloid appearance, and can superficially appear almost
indistinguishable from a typical eudicot flower (Fig. 1i). Among the
many seed traits that vary in Euphorbia, the presence or absence of
a caruncle that functions as an elaiosome is significant because of
its potential role in mediating secondary ant dispersal and in its
prior use in Euphorbia classification.

The broad array of growth forms within Euphorbia has been well
documented, but corresponding ideas and knowledge about the
origin and evolution of these varied growth forms is limited. Habit
in Euphorbia ranges from small, annual herbs to large trees, but the
genus is best known for its great diversity of xeromorphic growth
forms that are marked by the presence of tremendous variability in
stem succulence (White et al., 1941; Rauh, 1995, 1998). A plant
architectural perspective also reflects these perceptions of consid-
erable structural variability. The synoptic survey of Hallé et al.
(1978), building on Cremers’ (1977) analysis of Madagascan spe-
cies, established that species of Euphorbia conform to 12 of the
23 recognized architectural models, which is more than any other
genus of seed plants.

The four main molecular phylogenetic studies of Euphorbia to
date have addressed the overall phylogeny of the genus, with a ma-
jor point of consensus being the recognition of four subgeneric
clades: Rhizanthium, Esula, Euphorbia, and Chamaesyce (Steinmann
and Porter, 2002; Bruyns et al., 2006; Park and Jansen, 2007; Zim-
mermann et al., 2010). Subgenus Rhizanthium (Clade A of Stein-
mann and Porter, 2002; around 200 spp.) has a primarily African
distribution, with most of the species comprising a southern Afri-
can radiation of xerophytes that are physiognomically diverse.
Subgenus Esula (Clade B; around 500 spp.) contains predominantly
herbaceous species distributed in the temperate Northern Hemi-
sphere, especially from the eastern Mediterranean through central



Fig. 2. Vegetative characters of Euphorbia used in character state reconstructions. (A) Forest tree, E. mandravioky (Clade C, E. pachysantha group). (B) Herb, E. paralias (Clade B).
(C) Caudiciform shrub, E. capsaintemariensis (Clade C; sect. Goniostema). (D) Cactiform, E. ingens (Clade C; sect. Euphorbia). (E) Clade A pencil-plant, E. dregeana. (F) Clade B
pencil-plant, E. mauritanica (sect. Aphyllis). (G) Clade C pencil-plant, E. fiherenensis (sect. Tirucalli). (H). Clade D pencil-plant, E. rhombifolia. (I) Monopodial extension growth
distal to short-shoot like inflorescence zone, E. alluaudii subsp. oncoclada (Clade C; sect. Goniostema). (J) Sympodial branching pattern of a member of the E. hedyotoides species
group (Clade C; sect. Goniostema). (K) Medusoid habit, E. caput-medusae (Clade A). (L) Stem of E. clava (Clade A), showing tubercles with leaves and peduncles. (M) Tuberculate
succulent plant, with tan spines derived from sterile peduncles and subsessile cyathia axillary to them, E. schoenlandii (Clade A). (N) Flowering stem with vertical rows of
spines of sect. Goniostema, E. viguieri (Clade C). (O) Typical spine shield structure of section Euphorbia, in E. aeruginosa (Clade C), with cyathial cymes emerging at the apex of
several spine shields. (P). E. neospinescens (Clade C; sect. Monadenium). Credits: L. Gautier (A), J. Molero (B), B. Dorsey (C), P. Berry (D–N), A. Moller (O), J. Morawetz (P).
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Asia; but outside of this range (e.g., Macaronesia and Africa) they
may be woody plants of tree stature or stem succulents (Molero
et al., 2002; Barres et al., 2011). Subgenus Euphorbia (Clade C;
around 700 spp.) exhibits the greatest diversity of the four subgen-
eric clades in both species richness and growth forms. Highlights of
its diversity include three major radiations of xerophytes in Africa
and Madagascar (Bally, 1961; Carter, 1994; Haevermans, 2003;
Haevermans et al., 2004), in addition to a structurally variable Neo-
tropical component. Subgenus Chamaesyce (Clade D; around 600
spp.) contains the majority of New World Euphorbia species. This
clade includes a sizeable lineage of around 350 species of mostly
C4 photosynthetic herbs and subshrubs, formerly recognized as
the genus Chamaesyce (Webster, 1967; Webster et al., 1975), in
addition to the wholly New World core group of the ‘‘Agaloma alli-
ance’’ (Steinmann and Porter, 2002), with around 160 spp., includ-
ing E. pulcherrima, the familiar Christmas poinsettia. It also
includes several relatively species-poor lineages that are mostly
found in Africa and Madagascar.

Contemporary knowledge of Euphorbia phylogenetics provides
the basis for ongoing revisions to the classification of the genus
and indicates that previously recognized segregate genera—includ-
ing Chamaesyce, Cubanthus, Elaeophorbia, Endadenium, Monadenium,
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Pedilanthus, Poinsettia, and Synadenium, among others—are nested
within Euphorbia (Steinmann and Porter, 2002; Steinmann, 2003;
Bruyns et al., 2006; Steinmann et al., 2007). Even so, the deeper rela-
tionships within the genus remain unclear. Importantly, several
hypotheses exist as to the relationships among the four subgeneric
clades, and the relationships of major subclades within each of the
subgenera are even more ambiguous. The results of previous studies
establish three hypotheses of relationships among the subgenera,
which are: (1) ((A,B)(C,D)), recovered by Steinmann and Porter
(2002; ITS, ndhF, parsimony), Wurdack et al. (2005; rbcL, parsimony
and Bayesian), and Steinmann et al. (2007; combined ITS + ndhF,
likelihood); (2) (A(B(C,D))), recovered by Bruyns et al. (2006; ITS,
Bayesian) and Zimmermann et al. (2010; ITS, Bayesian); and (3)
(B(A(C,D))), recovered by Bruyns et al. (2006; ITS, parsimony), Park
and Jansen (2007; ndhF, parsimony), Wurdack et al. (2005; trnL–F
and combined trnL–F + rbcL, parsimony and Bayesian), and Zimmer-
mann et al. (2010; combined ITS + trnL–F, Bayesian).

Here, we develop a global phylogeny for Euphorbia and closely
related genera in tribe Euphorbieae using DNA sequence data from
10 genetic markers spanning all three plant genomes to address
this phylogenetic uncertainty and advance Euphorbia phylogenet-
ics. With this new phylogenetic hypothesis for the genus, we pro-
vide an evolutionary analysis of major structural traits significant
to the biology and classification of Euphorbia using ancestral state
reconstructions and hypothesis tests. Specifically, we address: (1)
the evolution of cyathial gland merosity; (2) the origin and evolu-
tion of cyathial gland appendages; (3) the evolution of caruncles;
and (4) the origin and evolution of highly modified growth forms
within Euphorbia. Our approach to the last and most complex of
these topics involves an analysis not only of growth form per se,
but also inflorescence position and phyllotaxy. These are key vari-
ables in the architecture of Euphorbia, and character state transi-
tions of these traits appear to be critical to the evolution of the
distinctive growth forms within the genus. For instance, we esti-
mate that about 75% of the approximately 850 strongly xeromor-
phic Euphorbia species (Carter and Eggli, 2003) have lateral
inflorescences, whereas the large majority of non-xeromorphic
species have leafy shoots that terminate in an inflorescence. Hence,
we test a hypothesis of correlated evolution between these two
characters and, further, analyze the sequence of evolutionary tran-
sitions using both maximum likelihood and Bayesian-based ap-
proaches to correlation and contingency analyses.
2. Materials and methods

2.1. Taxonomic sampling for phylogenetic and comparative analyses

Our sampling contains 176 terminals, of which 161 belong to
Euphorbia sensu lato (i.e., Euphorbia + segregates). Voucher infor-
mation and GenBank accession numbers for all sequences are
provided in Supplementary Table S1. We sampled the commonly
recognized segregate genera (i.e., Chamaesyce, Cubanthus,
Elaeophorbia, Monadenium, Pedilanthus, Poinsettia, and Synadeni-
um), with the exception of Endadenium. Our Euphorbia sampling
is informed by the studies of Steinmann and Porter (2002), Haever-
mans et al. (2004), Bruyns et al. (2006), and, especially, the emerg-
ing results of ongoing phylogenetic studies within each subgenus
conducted by the Euphorbia Planetary Biodiversity Inventory
(PBI) project (http://www.euphorbiaceae.org/). This information
enabled us to include samples from all of the known major lineages
within Euphorbia. Outgroups were selected based on the family-
wide phylogeny of Wurdack et al. (2005) and include the remain-
ing four genera of Euphorbioideae tribe Euphorbieae, in addition to
exemplars from all major lineages of the subfamily. We used
Nealchornea, a member of Euphorbioideae tribe Stomatocalyceae,
to root the topology because Wurdack et al. (2005) placed this tribe
sister to the rest of the subfamily. Preliminary analyses using fur-
ther removed Euphorbiaceae outgroups did not improve the re-
sults and greatly increased alignment ambiguity.

Our sampling strategy also took into account the character state
distributions for the six characters we investigated with ancestral
state reconstructions (see Section 2.5) such that additional sam-
pling would provide little effective information to change signifi-
cantly our overall results. In an investigation of the effects of
taxon sampling density on ancestral state estimation, Salisbury
and Kim (2001) suggested that estimates of ancestral states are
generally robust to sampling schemes that incorporate the total
depth of changes across a given topology. Despite the fact that
we sampled about 7.4% of the total species diversity in Euphorbia,
our sampling scheme attempted to cover trait diversity throughout
the depth of the tree to the full extent of current knowledge of
these six characters. Furthermore, trait diversity is fully repre-
sented within our sampling of the outgroup genera of tribe
Euphorbieae.
2.2. Laboratory methods for molecular data

Our choice of genetic markers was based in part on their dem-
onstrated phylogenetic utility within either Euphorbia or other taxa
of Malpighiales. We used 10 markers, spanning all three genomic
compartments. Among these were the two markers most fre-
quently used to infer species-level relationships within the genus,
nuclear ribosomal ITS and plastid ndhF (Steinmann and Porter,
2002; Park and Jansen, 2007; Steinmann et al., 2007; Zimmermann
et al., 2010), as well as data from the plastid markers rbcL, rbcL–
accD (intergenic spacer and about 1000 bp of the 50 end of accD),
rpl16 (mostly intron), and trnL–F (trnL intron and trnL–F intergenic
spacer); the mitochondrial markers nad1B–C (mostly intron;=na-
d1i477) and rps3 (exon 2); and exons 9 and 12 of the low-copy nu-
clear gene EMB2765 (Wurdack and Davis, 2009). Exon 12 of
EMB2765 is newly used in this study for phylogenetic reconstruc-
tion. We largely treated it as a separate marker from exon 9 for
the purposes of comparing informativeness, and identifying incon-
gruence that could indicate laboratory or paralogy problems. Mul-
tiple divergent copies of exon 9 have been recovered for some
species of Euphorbia section Anisophyllum (Yang and Berry, 2011),
but most of our accessions yielded clean data for both exons by di-
rect sequencing of their respective amplification products.

Our methods for DNA extraction, amplification, and sequencing
for the newly generated data (1511 sequences, totalling 2.0 Mb)
follow those of Steinmann and Porter (2002), Wurdack et al.
(2004, 2005), and Wurdack and Davis (2009). Supplementary Table
S2 summarizes the primers used for amplification and sequencing.
Amplification of exon 12 of EMB2765 followed the same protocol
described for exon 9 of this gene in Wurdack and Davis (2009).
2.3. Sequence and data set assembly

Sequences were assembled and edited in Sequencher ver. 4.5
(Gene Codes, Ann Arbor, Michigan, USA). No indels were present
in exons 9 and 12 of EMB2765 and rbcL, but among the remaining
markers indel content and alignment ambiguity varied consider-
ably. Alignment complexity was greatest for trnL–F and rpl16.
Alignments were performed using MAFFT ver. 5 (Katoh et al.,
2005) with default settings followed by manual refinement using
Se-Al ver. 2.0a11 (Rambaut, 1996-2002), with a similarity criterion
(Simmons, 2004) or using codon positions where appropriate. Indel
hotspots were not fragmented to separate overlapping indels. Sites
were excluded from regions of ambiguous alignment or that were
present in fewer than four taxa. The aligned, combined matrix with
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Table 1
Data set and tree characteristics for Euphorbia phylogenetic analyses.

Data set cp accD cp rbcL–accD spacer cp ndhF cp rbcL cp rpl16 cp trnL–F

No. terminals 168 169 165 174 171 168
Aligned length, nt 2117 1593 1648 1377 2531 1812
Characters analyzed, nt 980 604 1498 1377 873 926
% Missing/total missing and ambiguous data 1.6/1.9 2.8/4.2 1.1/1.4 0.8/0.8 1.4/2.3 1.9/7.7
Constant characters, nt 420 214 756 1006 382 449
Variable characters, nt 560 390 742 371 491 477
Informative characters, nt 354 261 531 219 349 330
No. MP trees 324 >100000 95 >100000 1800 >100000
MP tree length (length excluding uninformative sites) 1298 (1063) 981 (830) 2237 (1997) 960 (797) 1473 (1305) 1208 (1032)
CI (CI excluding uninformative sites) 0.607 (0.520) 0.598 (0.525) 0.505 (0.445) 0.484 (0.379) 0.526 (0.465) 0.596 (0.527)
RI 0.848 0.853 0.841 0.813 0.842 0.889

Data set mt nad1B–C mt rps3 nu EMB2765
exon 9

nu EMB2765
exon 12

nu EMB2765
exons 9 & 12

nu ITS combined total
evidence

No. terminals 172 174 169 161 174 176 176
Aligned length, nt 1785 1644 819 942 1861 742 17,010
Characters analyzed, nt 1474 1467 819 942 1861 555 11,515
% Missing/total missing and ambiguous data 3.3/8.0 1.1/2.9 2.4/2.4 1.9/1.9 2.0/2.0 0.3/1.8 5.0/6.5
Constant characters, nt 1088 1062 429 461 890 149 6416
Variable characters, nt 386 405 390 481 871 406 5099
Informative characters, nt 179 232 316 370 686 337 3478
No. MP trees >100,000 >100,000 >100,000 >100,000 >100,000 >100,000 591
MP tree length (length excluding uninformative sites) 563 (344) 752 (569) 1749 (1670) 2267 (2146) 4079 (3923) 4076 (3995) 18,079 (16,260)
CI (CI excluding uninformative sites) 0.769 (0.622) 0.632 (0.513) 0.345 (0.314) 0.325 (0.287) 0.377 (0.351) 0.218 (0.203) 0.421 (0.356)
RI 0.923 0.903 0.766 0.752 0.767 0.703 0.794
ML score (lnL) – – – – – – �127425.1
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details of the excluded regions is archived in TreeBASE (<www.
treebase.org/treebase/index.html>).

2.4. Phylogenetic analyses

We determined nucleotide substitution models for 11 data par-
titions (i.e., each of the 10 markers plus the approximately 1000 bp
of the accD gene) in Modeltest ver. 3.6 (Posada and Crandall, 1998)
using the Akaike Information Criterion (AIC; Akaike, 1974). A
GTR + I + C model was selected for all partitions except the rbcL–
accD spacer and the accD gene, for which the GTR + C model was
the best fit.

Prior to analyzing these data partitions with a ‘‘total evidence’’
approach (Kluge, 1989), we conducted maximum likelihood (ML;
Felsenstein, 1973) bootstrap analyses of each partition using GARLI
ver. 1.0 (Zwickl, 2006). The bootstrap analyses (Felsenstein, 1985)
were executed with 500 pseudoreplicates, each based on two inde-
pendent search replicates. Model parameters were set in accor-
dance with the results obtained from Modeltest, but these values
were not fixed, so that GARLI could optimize them within each
search replicate. An automated stopping criterion was used, abort-
ing each search replicate after 1 � 104 generations of a stable �lnL
value. We used the results of these analyses as the basis for assess-
ing topological congruence among the individual marker trees,
comparing them in a pairwise manner to identify instances of
strongly supported (i.e., with a bootstrap percentage [BP] P 85)
topological conflict.

We employed ML, Bayesian, and parsimony approaches for ana-
lyzing the concatenated data matrix. ML optimization of the unpar-
titioned matrix was implemented in GARLI using 100 independent
search replicates. Starting parameter values were set to a GTR
model, and allowed to be further optimized within each replicate.
We enforced an automated stopping criterion for each replicate
when a stable �lnL value was attained for 2 � 104 generations.
ML bootstrap support values for the concatenated matrix were
estimated using 1000 pseudoreplicates, but otherwise following
the same search strategy as for the individual partitions. For conve-
nience, we refer to clades with P 85BP as being strongly
supported, 84–70 as moderately supported, and 69–50 as poorly
supported.

Bayesian MCMC analyses (Yang and Rannala, 1997) were imple-
mented in MrBayes ver. 3.1.2 (Huelsenbeck and Ronquist, 2001;
Altekar et al., 2004), with the markers individually partitioned
and modeled independently using the results of the model selec-
tion tests. Within each partition, default priors were used for the
rate matrix, branch lengths, gamma shape parameter (Yang,
1993), and the proportion of invariant sites (where appropriate;
Reeves, 1992). A flat Dirichlet distribution was used for the base
frequency parameters, and a uniform prior was used for the tree
topology. The final analyses were conducted with two concurrent
runs of six incrementally heated chains for 5 � 107 generations
that were sampled every 100 generations, with the temperature
coefficient set to 0.5 to promote adequate mixing between the
chains. The program AWTY (Wilgenbusch et al., 2004; Nylander
et al., 2008) was used to diagnose topological convergence, with
emphasis placed on the results of the Cumulative, Split, and Com-
pare diagnostics. These results indicated a burn-in period of
4.76 � 107 generations, which was much more conservative than
the 2.0–2.7 � 107 generations suggested by the plot of the log like-
lihood values viewed in Tracer ver. 1.5 (Rambaut and Drummond,
2003–2007). Trees from the post burn-in period of each analysis
were pooled (4.8 � 104 trees in total) to calculate Bayesian poster-
ior probabilities (PP).

Parsimony analyses were implemented in PAUP� ver. 4.0b10
(Swofford, 2002) following the search strategies of Wurdack and
Davis (2009). Uninformative characters were excluded in the anal-
yses, except for calculating alternative tree statistics (Table 1).
Bootstrap support was evaluated from 1000 pseudoreplicates, each
with five random-addition replicates using the tree-bisection–
reconnection (TBR) branch swapping algorithm, holding 10 trees
at each step, and without search limits.

To assess whether alternative hypotheses of the backbone rela-
tionship of the subgeneric clades within Euphorbia have likelihood
scores significantly worse than the topology resolved in the uncon-
strained ML analysis, we generated constraint trees in GARLI con-
sistent with these hypotheses, and compared them using the
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approximately unbiased test (AU test; Shimodaira, 2002, 2004) in
CONSEL ver. 0.1i (Shimodaira and Hasegawa, 2001).

2.5. Morphological character data

Characters were primarily scored from herbarium specimens
from G, IEB, MA, MICH, P, and US, supplemented by observations
of living plants, and secondarily by published descriptive accounts
of relevant Euphorbia species.

Character 1: Cyathial gland merosity has three states: (0) five
(Fig. 1b), (1) four (Fig. 1c and e), or (2) one to two (Fig. 1f). The
cyathial involucre always bears a series of glands around its rim.
We scored this character from lateral cyathia, because the cyathi-
um that terminates the inflorescence axis sometimes bears more
glands relative to those of the lateral cyathia, or is substantially dif-
ferent in body plan organization, as in E. pulcherrima (Steinmann
and Porter, 2002). We grouped gland merosities of one or two into
a single character state because species that bear (usually inconsis-
tently) two glands on each cyathium have them restricted to one
side of the cyathium, as do most single-glanded species. Moreover,
this character state is discontinuous with the state of four glands
because there are no known Euphorbia species that consistently
bear cyathia with three glands. A few Euphorbia species have cya-
thia that regularly bear more than five glands (e.g., E. capitulata
with eight and E. haeleeleana with up to 11; Croizat, 1936; Herbst,
1971). However, this state does not provide any grouping informa-
tion given the sampling in this and other studies. Within our sam-
pling scheme, E. macrocarpus is the only species that consistently
bears more than five (here, six) glands, and we coded it as inappli-
cable. We also scored taxa outside of Euphorbia as inapplicable for
this character, owing to the often significant differences in inflores-
cence structure in those groups relative to Euphorbia.

Character 2: Appendages associated with the glands borne on
the cyathial involucre are (0) absent (Fig. 1b and f), or (1) present
(Fig. 1c–e, and i). In the four genera of Euphorbieae outside of
Euphorbia, these glands never develop appendages (Prenner and
Rudall, 2007; Prenner et al., 2008). In Euphorbia, however, the ma-
ture glands of many species are appendiculate with horn- or fin-
ger-like appendages along their outer, distal margin (Fig. 1e).
Gland appendages may also be petaloid and appear to subtend
each gland (Fig. 1c and i). Euphorbia gland appendages may be fur-
ther elaborated by postgenital fusion to form structural units of di-
verse function (e.g., the ‘‘cap’’ of the nectar spur in cyathia of
section Crepidaria; Fig. 1d). Despite the structural and positional
diversity present in Euphorbia gland appendages, Hoppe (1985)
demonstrated that they all share a common developmental origin
as a lateral outgrowth on each cyathial gland primordium and, on
this basis, suggested that they are homologous structures. We re-
strict our definition of gland appendages to that noted above, but
recognize that other, truly appendicular organs associated with
Euphorbieae pseudanthia, such as leaves and bracts, can acquire
a similar range of functions to those present in the gland append-
ages (Prenner and Rudall, 2007). We scored taxa outside of Euphor-
bieae as inapplicable for this character owing to the strongly
contrasted positions of their inflorescence glands.

Character 3: A caruncle of the mature seed is: (0) absent
(Fig. 1g), or (1) present (Fig. 1h). The caruncle in Euphorbia is a
lipid-rich seed appendage that develops adjacent to the micropyle
as an outgrowth of the outer integument (Corner, 1976;
Carmichael and Selbo, 1999; Tokuoka and Tobe, 2002). In the
mature seed, this structure can persist as an elaiosome, but it is
absent from many species (Webster, 1967; Ehler, 1976).

Character 4: Growth form has five character states: (0) woody
trees or shrubs (Fig. 2a), (1) herbs (Fig. 2b), (2) pencil plants
(Fig. 2e–i), (3) cactiform xerophytes (Fig. 2d, k, and m), or (4) cau-
diciform shrubs (Fig. 2c). States 0 and 1 describe plants without
apparently succulent stems, whereas states 2–4 characterize the
strongly xeromorphic growth forms in Euphorbia. The category of
woody trees or shrubs distinguishes non-xeromorphic plants with-
out evident, specialized storage capabilities in their stems, whereas
herbs contrast with all other states in having aerial shoot systems
that are relatively ephemeral. Caudiciform shrubs contrast with
other stem succulents in producing a periderm precociously, such
that their persistent shoots are soon covered with bark. A delay in
periderm production, which enables stems to remain photosyn-
thetically active for many years, distinguishes both pencil plants
and cactiform xerophytes. As their name suggests, pencil plants
have narrow stem diameters relative to their length, but can also
be characterized by lacking stem tubercles. Pencil plants often
have aerial shoot systems ramified to several orders and in several
planes, such that they can appear densely branched, as in E. fiher-
enensis (Fig. 2g). However, branching in some species of pencil
plants is almost exclusively basal, and individual plants grow to
be low, caespitose subshrubs comprised of relatively narrow, green
stems. Succulence in Euphorbia is most evident in the cactiform
xerophytes, which uniformly have pachycaul stems that produce
tubercles, a swelling of the tissue of the stem or branch at the base
of a leaf (Fig. 2k and m; White et al., 1941). These tubercles, as in
cacti, may be helically arranged (Fig. 2m) or vertically superim-
posed so as to form a series of longitudinal ridges along the stem
(Fig. 2d). Euphorbia species with the distinctive ‘‘medusoid’’ growth
form (Fig. 2k) were included within this character state.

Character 5: Leaves of the vegetative phase of a shoot are (0)
alternate (Fig. 1i and j), or (1) opposite or whorled (Fig. 1k). Oppo-
site leaves may be either decussate or distichous. A description of
‘‘mixed’’ phyllotaxy in many Euphorbia species results from a
change in phyllotaxy at the inflorescence boundary, where there
is an abrupt transition from alternate to opposite phyllotaxy on
account of cymose branching (i.e., exclusively from the axils
of prophylls). Prophylls in these species are often laminar (e.g.,
E. graminea, E. sphaerorhiza).

Character 6: Inflorescences within Euphorbia may be either (0)
borne exclusively lateral (axillary) to the persistent shoot system
(Fig. 1i), or (1) terminate the axes of the persistent shoot system
(Figs. 1j, and 2e). This contrast reflects an important distinction
in the branching architecture of Euphorbia between monopodial
and sympodial growth. Euphorbia species are not known to con-
form to plant architectural models in which an indeterminate,
monopodial primary axis bears persistent, sympodial lateral
branches constructed of modules that terminate in an inflores-
cence (Cremers, 1977; Hallé et al., 1978). Members of the distinc-
tive E. hedyotoides species group in section Goniostema from
Madagascar are exceptional because they can be trees with mono-
podial trunks, which bear lateral branches that are sympodial by
apposition (Fig. 2j). Excluding this group, the distinction we make
is applicable at the level of the whole plant among the Euphorbia
species we sampled.

2.6. Ancestral state reconstructions and comparative analyses

Subsequent to phylogeny estimation, we randomly sampled a
set of 1000 trees from the post burn-in period of the Bayesian anal-
ysis of the combined matrix in order to account for phylogenetic
and branch length uncertainty in all ancestral state reconstructions
and hypothesis tests that we conducted. Ancestral state reconstruc-
tions were conducted on these trees using ML optimizations (Schul-
ter et al., 1997; Pagel, 1999) for each character in Mesquite ver. 2.74
(Maddison and Maddison, 2006, 2010). To select a model of charac-
ter evolution for each of the four binary characters, asymmetry like-
lihood ratio tests were conducted. A one-rate model was selected
for characters 2, 5 and 6 (Mk1; Lewis, 2001). A two-rate model
was selected for Character 3 (AsymmMk; P = 7.64 � 10�8–0.3039,
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P < 0.05 in 881 of the 1000 trees examined). Optimizations of the
two multistate characters used the Mk1 model. A given state was
assigned to a node if its raw likelihood was > 2log units better than
the likelihood value(s) of the other states (the default parameter in
Mesquite ver. 2.74). The set of reconstructions for each character
was then summarized onto the 95% majority rule consensus tree
of all 4.8 � 104 post burn-in trees.

We also tested a hypothesis of correlated evolution between
inflorescence position and growth form in Euphorbia. A possible
bias in transitions toward xeromorphic growth forms with lateral
inflorescences is suggested by the disparity of species richness be-
tween the numerous xeromorphic Euphorbia species with lateral
inflorescences relative to the much smaller number with terminal
inflorescences. Provided that the data rejected a hypothesis of
independent evolution of these two characters, we then tested if
the eight transition rates between the four, pairwise combinations
of character states were significantly unequal or significantly dif-
ferent from zero. In order to apply a binary character-state coding
to growth form, we coded the two non-xeromorphic growth forms
of Character 4 (see Section 2.5) as state 0 and the three strongly
xeromorphic growth forms of Character 4 as state 1. Our coding
of inflorescence position is like that of Character 6 (Section 2.5),
but with terminal inflorescences coded as 0 and lateral inflores-
cences coded as 1.

The omnibus test for correlated evolution between two binary
characters (Pagel, 1994, 1997) was conducted in BayesTraits ver.
1.0 (Pagel and Meade, 2006a) using both Bayesian and ML
methods with the set of 1000 trees. Bayesian estimation of the
logarithm of the harmonic mean of the likelihood values for the
Independent (four-rate) and Dependent (eight-rate) models of
evolution were determined with Reverse-Jump MCMC analyses
(Pagel and Lutzoni, 2002; Pagel and Meade, 2006b). After initial
analyses, we chose to seed the mean and variance of a gamma
prior with a uniform hyperprior on an interval of 0–20 (Pagel
et al., 2004) and set the ratedev parameter to 1.0 to optimize
the rate of proposal acceptance. Final Bayesian analyses of each
model were conducted with five independent chains of
1.01 � 108 iterations, sampling the chain every 1000 iterations,
and with a conservative burn-in period of 1 � 106 iterations. The
five, identical chains run for each analysis allowed us to assess
the stability of the logarithm of the harmonic mean of the likeli-
hood values. The logarithm of the harmonic mean from the anal-
ysis of each of the models was compared using the Bayes factor
test statistic to infer the strength of this evidence for or against
correlated evolution. This statistic was calculated from the med-
ian values of the log harmonic means of the five identical chains
run for both models, which varied less than 0.5 in value from
the median value in each of the analyses we describe. A Bayes fac-
tor of 5 or greater is interpreted to represent strong evidence for
the Dependent model (correlated trait evolution, in the omnibus
test), whereas a Bayes factor with a value less than zero is evi-
dence in favor of the Independent model (Kass and Raftery,
1995; Pagel and Meade, 2006a). To assess the probability that
the values of each of the eight transition rate parameters of the
Dependent model are non-zero, we used the posterior probability
distribution of the proportion of evolutionary models visited by
the RJ-MCMC chain in which the evolutionary model for each
transition rate was assigned a value of zero (Z-score; Gonzalez-
Voyer et al., 2008). Transitions that have a high probability of
being non-zero have a Z-score < 0.05. For the ML implementation
of the omnibus test, we sequentially calculated the likelihood
score for each of the 1000 trees using 100 replicates of the optimi-
zation algorithm for both the Dependent and Independent models
to obtain the set of likelihood ratios for all 1000 trees. Significance
of the likelihood ratio test statistics (�2lnL) was assessed against
a Chi-square distribution with four degrees of freedom.
Statistical tests in which we constrained one parameter of the
Dependent model (Pagel, 1994) used methods like those outlined
above, and differed only in using standard MCMC methods for
Bayesian analyses (for both the unconstrained and constrained
Dependent models) to enable us to constrain two transition rate
parameters as equal. Accordingly, �2lnL values obtained from
ML-based analyses were assessed against a Chi-square distribution
with one degree of freedom. The hypotheses we tested against the
unconstrained Dependent model were: (1) a series of eight alterna-
tive models, in which each of the rate categories was set equal to
zero (ML only, complements the Bayesian estimation of these
parameters, described above); (2) that transitions from terminal
to lateral inflorescences are more likely in strongly xeromorphic
lineages than non-xeromorphic lineages (H0: q13 = q24; Fig. 5);
and (3) that transitions to a xeromorphic growth form are more
likely to precede those to lateral inflorescences (H0: q12 = q13;
Fig. 5).

To explore the possible effects of different but, nonetheless, bio-
logically reasonable estimates of branch lengths on our results, we
replicated the entire series of analyses described above on a set of
1000 ultrametric trees. To obtain the ultrametric trees, we used the
initial set of 1000 trees and transformed the branch lengths using
TreeEdit v.1.0a10 (Rambaut and Charleston, 2002) by implement-
ing the non-parametric rate smoothing (Sanderson, 1997) option
and weighting the rate differences at all nodes with the mean.
3. Results

3.1. Phylogenetic analyses

Table 1 provides data set characteristics and tree statistics for
the analyses. Pairwise comparisons of the ML bootstrap analyses
of the individual markers (Suppl. Figs. S2–S11) revealed 16 in-
stances of well-supported (P85BP) topological incongruity. Nearly
all topological conflict among these gene trees exists at localized
and shallow levels of the phylogeny, primarily involving ten
distantly related Euphorbia species that each have alternative
placements among closely related species. An eleventh species, E.
pachysantha, differs from the above cases because it is resolved
with strong support as sister to different sectional-level clades
within subgenus Euphorbia (Clade C) in rpl16 (Suppl. Fig. S6) and
rps3 (Suppl. Fig. S9) analyses.

Given the broad congruence among these partitions, we
analyzed them in combination as ‘‘total evidence.’’ Parsimony,
ML, and Bayesian analyses of the combined data set resolved
topologies that were mutually congruent and generally strongly
supported throughout (Fig. 3a and 3b). ML bootstrap support
greatly increased in the combined analysis for many clades that
were moderately or poorly supported in the analyses of individual
markers.

The backbone topology of major lineages within tribe
Euphorbieae uniformly has strong branch support values in the
combined data set, with parsimony and ML BP values of 100 and
PP of 1.0. Euphorbieae subtribes Anthosteminae (Anthostema
and Dichostemma) and Neoguillaumininae (Calycopeplus and
Neoguillauminia) are successively sister to Euphorbiinae (Euphorbia
sensu lato; Fig. 3a). The four subgenera of Euphorbia are each
monophyletic, with subgenus Esula (Clade B; Fig. 3a) sister to the
other subgenera. In turn, subgenus Rhizanthium (Clade A; Fig. 3a)
is sister to a clade consisting of subgenera Euphorbia (Clade C)
and Chamaesyce (Clade D), shown in Fig. 3b. Results of the AU test
indicate the constraint trees representing the two rival hypotheses
(1: [(A(B(C,D)))] and 2: [((A,B)(C,D))]) of the backbone relationship
within Euphorbia have likelihood scores that are significantly
worse than that of the unconstrained tree (1 and 2: P < 0.0001).



Fig. 3a. Maximum likelihood (ML) bootstrap 50% majority-rule consensus tree based on the combined 10 marker, 176 taxon data set for Euphorbia and Euphorbioideae
outgroups. ML/parsimony bootstrap values >50% are indicated above branches; Bayesian posterior probability values P0.95 are indicated below branches. Continued in Fig. 3b.
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3.2. Ancestral state reconstructions and comparative analyses

Cyathial gland merosity (Character 1) is equivocal at the root
node of Euphorbia (Fig. 4a), which is expected given that all the
outgroups were scored as missing or inapplicable for this character,
but it is reconstructed as five glands at all other backbone nodes, as
well as the root nodes for Clades A, C, and D (Figs. 4b and 4c). Four
glands is reconstructed as the ancestral state for the root node of



Fig. 3b. Continuation of Fig. 3a. Maximum likelihood (ML) bootstrap 50% majority-rule consensus tree based on the combined 10 marker, 176 taxon data set for Euphorbia
and Euphorbioideae outgroups.
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Clade B (Fig. 4a). Gland appendages (Character 2) are reconstructed
as absent at the root node of Euphorbia in most of the 1000 trees we
examined (absent: 721, equivocal: 279), and as absent at the back-
bone nodes in every tree (Figs. 4a–4c). Among the subgenera, unap-
pendaged glands are reconstructed as the ancestral state at the root
nodes of Clades A, C, and D (Figs. 4b and 4c). Gland appendages are
independently derived within each of these three subgeneric
clades. Clade B has a complex distribution of gland appendages,
and its root node has an equivocal optimization. Owing to equivocal
reconstructions of many deep nodes within Clade B, just two
unequivocal transitions occur within the group involving the loss
of appendages along the stem lineage of subclade B3.2 and in E. guy-
oniana. Caruncles (Character 3) have a complex distribution within
Euphorbioideae. The reconstruction at the root node of Euphorbia is
equivocal (Fig. 4a). In the crown clade of Euphorbia sister to Clade B,
caruncles are reconstructed as absent at all deep nodes, including



Fig. 4a. Ancestral state reconstructions for (1) cyathial gland merosity, (2) gland appendages, (3) caruncle, (4) growth form, (5) phyllotaxy, and (6) inflorescence position in
Euphorbia and Euphorbioideae outgroups. Ancestral states for each character were estimated using likelihood optimizations across a randomly selected subset of 1000 post
burn-in trees from the Bayesian inference analysis of the combined data set and plotted onto the 95% majority rule tree of the complete set of post burn-in trees. Pie charts at
each node represent the proportion of trees in which the optimizations indicated were present, given a likelihood decision threshold of 2.0 (>2 log units better than the raw
likelihood value(s) of the other states). Shown here are optimizations for Euphorbioideae outgroups and Euphorbia subgenus Esula; continued in Figs. 4b and 4c.
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the root, the root of Clade C + D, and at the root nodes of Clades
A, C, and D. The asymmetrical model of character evolution we used
to optimize this trait favors a scenario of multiple, independent
gains of caruncles within both Clades C and D; caruncles are absent
from Clade A (Figs. 4b and 4c). In contrast, caruncles are present in
all but one species we scored from Clade B, but they are recon-
structed as unequivocally present at the root node of this clade in
just over half of trees that we examined (Fig. 4a; present: 521,
equivocal: 479).
Trees and shrubs are reconstructed as the ancestral growth
form (Character 4) at all deep nodes within the phylogeny, includ-
ing all backbone nodes of Euphorbia (root node of Euphorbia, woo-
dy: 937, equivocal: 63). Among the subgeneric clades, a transition
to the herbaceous habit is likely to be a synapomorphy for Clade B
(Fig. 4a). A non-succulent, woody growth form is the ancestral
state at the root nodes of Clades A and C (Figs. 4b and 4c). The root
node of Clade D is woody in just over half of the reconstructions,
but equivocal in the rest (Fig. 4c; woody: 529, equivocal: 471).



Fig. 4b. Continuation of Fig. 4a. Ancestral state reconstructions for (1) cyathial gland merosity, (2) gland appendages, (3) caruncle, (4) growth form, (5) phyllotaxy, and (6)
inflorescence position in Euphorbia and Euphorbioideae outgroups. Shown here are optimizations for Euphorbia subgenus Rhizanthium; continued in Fig. 4c.
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Our reconstruction of phyllotaxy (Character 5) indicates that alter-
nate leaves are the ancestral state at all deep nodes in the phylog-
eny, including the backbone nodes within Euphorbia. Taxa that
transition to opposite or whorled phyllotaxy are concentrated in
Clade D (Fig. 4c). Terminal inflorescences (Character 6) are the
ancestral state at all deep nodes in the phylogeny, including all
backbone nodes within Euphorbia. Transitions to exclusively lateral
inflorescences independently occurred within Clades A, C, and D
(Figs. 4b and 4c).

Results of the omnibus test analyses support a hypothesis of
correlated evolution between growth form and inflorescence posi-
tion (Tables 2 and 3). The Bayesian implementation of the omnibus
test yields strong evidence in favor of the Dependent model, with a
Bayes factor of 7.54. Likewise, the ML implementation of the
omnibus test over the set of 1000 trees always rejected the Inde-
pendent model in favor of the Dependent model (Table 3). Bayes-
ian posterior probability values of each of the eight transition
rate parameters (Z-scores) indicated all but two of the categories,
q42 and q34 (Fig. 5), had a high probability of being non-zero (Table
2). Similarly, the ML-based tests of the eight alternative models
failed to reject the null hypothesis that the given transition rate
category was significantly different from zero over all 1000 trees
for just q42 and q34 (Table 3). Alternative model tests for transition
rate categories q21 and q31 failed to reject the null hypothesis at the
P = 0.05 level across 0.2% and 96% of the 1000 trees, respectively.
Alternative model tests of the remaining four rate categories
rejected the null hypothesis across all trees (Table 3). In the contin-
gency and ordering tests, Bayesian methods yielded evidence in



Fig. 4c. Continuation of Fig. 4b. Ancestral state reconstructions for (1) cyathial gland merosity, (2) gland appendages, (3) caruncle, (4) growth form, (5) phyllotaxy, and (6)
inflorescence position in Euphorbia and Euphorbioideae outgroups. Shown here are optimizations for Euphorbia subgenera Chamaesyce and Euphorbia.
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favor of the null hypotheses of equal transition rates between q13

and q24, and q12 and q13 (Table 2). The ML implementation of these
two tests yielded broadly analogous results, failing to reject the
null hypothesis of q13 = q24 at the P = 0.05 level in 96.9% of the
1000 trees examined, and failing to reject the null hypothsis of
q12 = q13 across all trees (Table 3). The same series of tests con-
ducted over the set of 1000 ultrametric trees gave results similar
to those described above (Suppl. Tables S3 and S4).
4. Discussion

4.1. Euphorbia backbone phylogenetics and major systematic
implications

Our results are fundamentally congruent with those of other
studies examining the relationships among the different genera
of the tribe Euphorbieae (Steinmann and Porter, 2002; Wurdack



Table 2
Results of Bayesian correlation, contingency, and temporal ordering tests between
inflorescence position and growth form using 1000 phylograms from the post burn-in
period of the Bayesian phylogenetic analysis. Z-scores for each of the eight transition
rate categories are given in the lower half of the table. A Z-score < 0.05 indicates high
probability of a rate category having a non-zero value. See Fig. 5 for further details on
the transition rate categories (qij).

Test Bayes factor

Omnibus (Independent vs. Dependent model) 7.540

Contingency
q13 = q24 vs. q13 – q24 �2.003

Temporal order
q12 = q13 vs. q12 – q13 �2.872

Rate category Posterior probability of rate
category with value of zero

q12 Z = 0
q13 Z = 0.0210
q21 Z = 0.0239
q31 Z = 0.0195
q24 Z = 0.0001
q42 Z = 0.8056
q34 Z = 0.1795
q43 Z = 0.0002

Table 3
Results of maximum likelihood correlation, contingency, temporal ordering, and
alternative model tests between inflorescence position and growth form using 1000
phylograms from the post burn-in period of the Bayesian phylogenetic analysis.
Significance of the �2lnL values was assessed in the context of a v2 distribution with
four degrees of freedom for the Omnibus test and one degree of freedom for the
remaining tests. See Fig. 5 for further details on the transition rate categories (qij).

Test Likelihood ratio test
statistic (�2lnL)

P-value range
for �2lnL

Omnibus (H0: Independent model;
H1: Dependent model)

16.952–22.887 0.002–0.0001

Contingency
H0: q13 = q24 2.235–4.244 0.135–0.035

Temporal order
H0: q12 = q13 0.992–2.584 Not significant

Alternative model
H0: q12 = 0 24.807–34.941 <0.0001
H0: q13 = 0 6.361–9.481 0.012–0.002
H0: q21 = 0 3.342–9.945 0.068–0.0016
H0: q31 = 0 1.521–4.841 0.217–0.028
H0: q24 = 0 6.536–26.132 0.011–<0.0001
H0: q42 = 0 0 Not significant
H0: q34 = 0 0.012–0.756 Not significant
H0: q43 = 0 13.209–19.329 0.0002–<0.0001
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et al., 2005; Park and Jansen, 2007). The subtribal lineages Antho-
steminae (Anthostema and Dichostemma) and Neoguillaumininae
(Calycopeplus and Neoguillauminia) are successively sister to sub-
tribe Euphorbiinae, which under a sensu lato circumscription of
Euphorbia only contains that genus (i.e., all segregates subsumed).
All Euphorbia species in our analyses were resolved within one of
four major subgeneric clades identified in all previous molecular
phylogenetic studies of the genus, in which sampling was guided
by the major classification schemes for Euphorbia (e.g., Boissier,
1862; Webster, 1967). Our results are also consistent with a range
of contemporary studies from the collaborative PBI project, which
collectively aim to establish the phylogenetic placement of all
known species of Euphorbia. None of the studies underway in this
project have so far revealed any new major lineages in the genus.
Hence, the four-clade hypothesis of Euphorbia phylogeny is likely
to prove stable.

Our strongly supported hypothesis of the relationships among
the four subgeneric clades agrees with the conclusions of some
(Wurdack et al., 2005; Park and Jansen, 2007; Zimmermann
et al., 2010, combined ITS and trnL–F), but not all previous studies
(e.g., Steinmann and Porter, 2002) in resolving a topology in which
subgenus Esula (Clade B), subgenus Rhizanthium (Clade A), subge-
nus Euphorbia (Clade C), and subgenus Chamaesyce (Clade D) are
successively sister lineages. Branch support for this topology is
much stronger than that obtained in any prior study, with ML
and parsimony bootstrap support of 100 and PP of 1.0 for the
whole of this topology. Furthermore, results of the topology tests
indicate that this tree has a significantly better likelihood score
than those with a topology constrained to conform to the two
alternative hypotheses. In addition to establishing a robustly sup-
ported backbone topology, our results also provide significant
new information on the relationships within each subgeneric
clade.

Within subgenus Esula (Clade B), the most phylogenetically sig-
nificant novel relationship discovered in our analyses is that
Euphorbia lathyris (Fig. 3a, lineage B1) is strongly supported as sis-
ter to the remaining species of the subgenus. Steinmann and Porter
(2002) and Zimmermann et al. (2010), using ITS data alone, in-
ferred alternative placements for this species, and both placed it
in a well-nested position within the subgenus. Although the ML
bootstrap analysis of the ITS partition of our data did not resolve
a well supported placement for E. lathyris within the subgenus, it
is resolved as sister to the rest of the subgenus in all individual
analyses of mitochondrial and plastid markers (Suppl. Figs. S2–
S10). Given its unique decussate phyllotaxy and late-dehiscing
capsules with a thickened, spongy mesocarp, E. lathyris has long
been viewed as a morphologically isolated species, and has been
recognized as a monotypic section by several authors (Boissier,
1862; Prokhanov, 1949; Benedí et al., 1997). However, there is
otherwise little structural evidence to suggest the phylogenetic po-
sition E. lathyris, and it resembles most other species in this clade
in having exstipulate leaves, pleiochasial inflorescence architec-
ture, cyathia with four glands, and carunculate seeds.

The topology of subgenus Esula exclusive of E. lathyris is gener-
ally strongly supported throughout, and is largely congruent with
the results of other phylogenetic studies with a broad sampling
of this lineage (Steinmann and Porter, 2002; Zimmermann et al.,
2010; Frajman and Schönswetter, 2011). Two major clades are
recovered that can be generally diagnosed by contrasted capsule
surface sculpturing, with members of clade B2 typically with
tuberculate capsules and members of clade B3 having capsules
with smooth to granulate surfaces (Fig. 3a; Frajman and Schöns-
wetter, 2011). Our results also suggest that clade B2 is further
characterized by unappendaged cyathial glands, each with an
evenly rounded distal margin. Species in clade B3 predominantly
have two horn-shaped appendages associated with each of their
cyathial glands (Hoppe, 1985; Frajman and Schönswetter, 2011),
although gland shape has a complex distribution in this group
(Fig. 4a). Unlobed cyathial glands characterize several lineages
within this clade, with prominent examples being the African pen-
cil-plant clade (subclade B3.2, Fig. 3a), and the small Asian subc-
lade of E. schugnanica and E. sclerocyathium (Fig. 4a); both of
these groups also differ from the rest of the clade in having a sec-
ondarily derived condition of five gland appendages. Detailed
investigations of comparative seed morphology (Vindt, 1953;
Molero et al., 1996) and leaf anatomy (Vindt, 1960) show promise
for reconciling the substantial morphological variation of subgenus
Esula in a phylogenetic context.

For subgenus Rhizanthium (Clade A), our analyses resolve a
strongly supported backbone topology within this clade, which is
best conceptualized as consisting of six successively sister lineages.
As shown in Fig. 3a, these are: (A1) E. antso, a small tree from Mad-
agascar; (A2) a small clade of semi-succulent, tuberculate-
stemmed herbs formerly accommodated in subgenus Eremophyton
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Fig. 5. Flow diagram showing significant (solid arrow) and nonsignificant (dotted arrow) transitions in the correlated evolution between infloresence position and growth
form. The eight possible transition rate categories are labeled as qij. Solid arrows indicate transition rates that have a high posterior probability of being non-zero and which
alternative model tests rejected a hypothesis that a given rate category has a value of zero in favor of a non-zero value across all or most of the 1000 trees (excepting q31).
Dotted arrows indicate transition rates that have a lower posterior probability of being non-zero and which alternative model tests failed to reject a hypothesis that a given
rate category has a value of zero across all trees examined.
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in the concept of Carter (1985) and Holmes (1993), exemplified
here by E. longituberculosa and E. hadramautica; (A3) a lineage
forming part of the arborescent, predominantly tropical African
section Lyciopsis, represented here by E. smithii (Carter, 1988a);
(A4) a clade including representatives of the arborescent, tropical
African section Somalica (Carter, 1985, 1988a,b); (A5) E. balsamif-
era, representative of a small group of shrubby species centered
in northern Africa and the Arabian Peninsula; and finally (A6) a
major radiation of largely southern African succulents, geophytes,
and caudiciform or strongly pachycaulous shrublets. This last clade
is by far the most species-rich group of the subgenus, and has been
subdivided into numerous groups of varying circumscription and
rank by different authors (Steinmann and Porter, 2002; Ritz
et al., 2003; Bruyns et al., 2006). This clade also exemplifies the
well-known phenomenon of apparent decoupling of rates of
morphological and molecular evolution. The limited amount of se-
quence divergence within this clade, evident in the comparatively
very short branch lengths throughout the group (Suppl. Fig. S1),
belies the enormous diversity of xeromorphic growth forms pres-
ent among its constituent species. Although subgenus Rhizanthium
is overall not readily characterizable from a structural perspective,
it is distinctive in that the seeds of its constituent species
apparently always lack a caruncle.

Within subgenus Euphorbia (Clade C), our combined analyses
inferred five distinct lineages of markedly unequal size, each with
significant support, although the relationships among them remain
unclear. Euphorbia pachysantha, representative of a small group of
arborescent Madagascan species that are distinctive in having cya-
thia with male flowers borne within a tightly enveloping series of
bracteoles (Rauh, 1996; Aubriot, 2008), is the most recalcitrant
species to place in our analyses (lineage C1; Fig. 3b). In the com-
bined ML and parsimony analyses, it is resolved as sister to all
other taxa of the subgenus, but without significant support
(BP < 50 for both methods). Support for its placement in the ML
bootstrap analyses of individual marker partitions, when evident,
is conflicting, with two different placements resolved. Analyses of
mitochondrial rps3 support a sister relationship with a clade of
E. plumerioides and E. boophthona (BP 94)—a relationship which is
also resolved in the Bayesian analysis of the combined data set
(PP 0.99). In contrast, data from plastid rpl16 and ndhF indicate a
placement sister to a predominantly Madagascan clade including
section Tirucalli (clade C3) and E. pervilleana with BP support of
93 and 51, respectively. The latter relationship makes sense
biogeographically and morphologically because members of the
E. pachysantha group share character states with, at least, the
E. pervilleana group that are otherwise rare in Euphorbia, such as
bicarpellate gynoecia and indehiscent fruits (Haevermans and
Labat, 2004; Aubriot, 2008).

Other than that mentioned above, the relationship of the
Australopacific E. plumerioides group (clade C2; Fig. 3b) to other
lineages within the subgenus is obscure. The putative members
of this small clade are morphologically quite disparate. Euphorbia
plumerioides and closely related species are all shrubs to small
trees of lowland, semideciduous to humid montane forests
(Forster, 1994). Zimmermann et al. (2010) demonstrated that the
unusual Australian pencil-plant shrub E. sarcostemmoides is to be
included in this lineage. Despite its dissimilar appearance, it
resembles most other members in having cyathia with five glands
and ecarunculate seeds. Another member of clade C2, E. boophth-
ona, contrasts with all putative members of this clade in having
cyathia with four glands and seeds with caruncles. These character
states, along with the herbaceous habit of the species, are sugges-
tive of a placement in subgenus Chamaesyce near E. tannensis
(Hassall, 1977), as Zimmermann et al. (2010) resolved for their
accession of this species. Additional specimens of E. boophthona
should be sought and examined to resolve this discordance.

The monophyly of the three most species-rich lineages of sub-
genus Euphorbia is each strongly supported. These clades corre-
spond to: (C3) a clade of section Tirucalli (sensu Bruyns et al.,
2006, in part; but with the E. pervilleana species group separate
from the main clade of pencil plants); (C4) a clade containing all
of the New World taxa of the subgenus; and (C5) a clade containing
the largely African and Madagascan xerophyte subclades of sec-
tions Euphorbia (subclade C5.3), Goniostema (subclade C5.1), and
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Monadenium (subclade C5.2; Fig. 2p). A robust hypothesis of the
relationships among the morphologically diverse lineages that
comprise the New World clade has been difficult to establish on ac-
count of the very short branches deep within the group, possibly
suggesting a rapid radiation. The relationships of the distinctive
slipper spurge group, section Crepidaria (subclade C4.1; formerly
recognized as Pedilanthus; Steinmann, 2003), to other lineages in
subgenus Euphorbia has been especially difficult to establish due
to insufficient sampling and the unusually long stem branch of
the clade (Cacho et al., 2010). However, we robustly resolve it
within the New World clade (clade C4), included within a subclade
that also contains species of sections Nummulariopsis (E. germainii
and E. portulacoides), Stachydium (E. comosa) and Euphorbiastrum
(E. sipolisii). The parsimony bootstrap analysis moderately supports
(BP 75) a more finely resolved placement of section Crepidaria as
sister to section Stachydium (subclade C4.2). The potential close
relationship between section Crepidaria and section Stachydium is
intriguing from a structural perspective because both of these
groups are unlike all other members of the subgenus in having a
pronounced dorsiventrality to their shoot systems. This is evident
in the strict distichy of the bracts of the unusual monochasial inflo-
rescences of section Stachydium, and in the distichous arrangement
of foliage leaves on those members of section Crepidaria.

Within subgenus Chamaesyce (Clade D), our combined analyses
resolve four, strongly supported, major lineages (Fig. 3b). The
topology we recover for this clade is largely congruent with that
recovered by Zimmermann et al. (2010), which indicates an early,
predominantly African radiation within the subgenus and a subse-
quent single origin of the New World taxa. The four major lineages
we recognize within the group are: D1) a clade corresponding to
the expanded concept of section Frondosae of Bruyns et al.
(2006); D2) E. espinosa, representing section Espinosae, which con-
tains two species of deciduous shrubs indigenous to central and
southern Africa; D3) a clade comprised of two representatives of
the mostly southern African section Articulofruticosae; and D4) a
clade containing all sampled lineages of the subgenus in which
each gland of the cyathium appears subtended by a petaloid
appendage—a group we refer to as the petaloid appendage clade.

The section Frondosae clade (clade D1) is strongly supported as
sister to all other members of subgenus Chamaesyce. Our data
strongly support the inclusion of E. tannensis, representative of a
small group of morphologically similar Australopacific species,
within this section. The relationships among the other three main
lineages of subgenus Chamaesyce are poorly resolved. However, in
both the ML topology and the parsimony strict consensus tree, E.
espinosa (lineage D2) is sister to a clade inclusive of section Articu-
lofruticosae (clade D3) and the petaloid appendage clade (clade D4).

Within the petaloid appendage clade there are four principal,
successively sister lineages (D4.1–D4.4; Fig. 3b). Euphorbia glandu-
ligera (lineage D4.1) represents a clade of five annual species indig-
enous to southern Africa (Steinmann and Porter, 2002;
Zimmermann et al., 2010). Its sister clade contains lineages
(D4.2–D4.4) that are primarily or exclusively distributed in the
New World. Euphorbia appariciana (lineage D4.2) represents sec-
tion Crossadenia, a primarily Brazilian group of about nine species
of herbs or semisucculent to succulent subshrubs. The clade of sec-
tion Anisophyllum (subclade D4.3; formerly recognized as the
genus Chamaesyce) contains about 350 species of herbs and shrubs.
Yang and Berry (2011) indicated that the clade originated in North
America and attained its nearly worldwide distribution through
multiple long-distance dispersal events. Subclade D4.4 has an en-
tirely New World distribution and contains most of the species for-
merly included within subgenus Agaloma (Wheeler, 1943;
Webster, 1967). Subclade D4.6, corresponding to section Alectoroc-
tonum, is a structurally variable group centered in southwestern
North America that contains about 120 of the nearly 160 species
of subclade D4.4. Section Poinsettia (subclade D4.5) is also included
within subclade D4.4.

Given the large disparity in species richness between lineage
D4.1 and its sister clade (D4.2–D4.4), which contains about 500
species, we suggest that a new physical opportunity for this line-
age, apparently effected by a single dispersal event to the New
World, might have been a factor in promoting its diversification.

4.2. Morphological character evolution

Character state distributions of many traits in Euphorbia, includ-
ing those we analyzed, are homoplasious across the genus as a
whole. In the absence of molecular phylogenetic information, the
complexity of character state distributions, while always thought
to be substantial, was actually underestimated in many instances.
This, on the one hand, led to frequent misinterpretations of rela-
tionships within the genus, but on the other hand, sometimes
emphasized the biological distinctiveness of the groups so charac-
terized. A prime example of such a group is the former concept of
section Tirucalli (Boissier, 1862) or subgenus Tirucalli (Carter,
1985), in which most of the Old World pencil-plant xerophytes
were placed. According to our molecular analyses and character
state reconstructions, members of this group now emerge as dis-
tinct lineages within each of the four subgenera of Euphorbia
(Fig. 2e–h).

Although most previous ideas on the early evolution of Euphor-
bia focused on the origin of the cyathium (see Prenner and Rudall,
2007 for a review), three studies, Dressler (1957), Webster et al.
(1982), and Steinmann and Porter (2002) provided hypotheses of
the ancestral Euphorbia. Each proposed different taxa as exemplify-
ing the ancestral condition of Euphorbia. Their hypotheses, how-
ever, are relatively congruent with one another, and also with the
results of our character analyses, in specifying that the ancestor of
Euphorbia was a non-succulent, woody plant with alternate (heli-
cal) phyllotaxy that bore cyathia in terminal inflorescences. Gland
merosity is equivocal at the root node of Euphorbia in our recon-
structions. Regardless of the apparent gland number, the cyathial
involucres of all Euphorbia species that have been investigated
developmentally or anatomically have a 5-merous groundplan
(Dressler, 1957; Venkata Rao, 1971; Hoppe, 1985; Hoppe and Uh-
larz, 1982), which is perhaps indicative of the plesiomorphic state
for gland merosity in the genus. The presence of a caruncle on the
mature seed also has an equivocal reconstruction at the root node
of Euphorbia, but this is not surprising given the substantial lability
in the presence or absence of this trait within Euphorbia and
Euphorbiaceae as a whole (Wurdack et al., 2005; Tokuoka, 2007).
Overall, our analyses establish that most of structural features we
investigated evolved within the genus and the diversity of xero-
morphic forms for which Euphorbia is best known, are novelties
with independent origins within each of the subgeneric clades.

4.2.1. Evolution of reproductive traits
The cyathium is a distinctive type of pseduanthium that is the

only known structural synapomorphy unique to Euphorbia. As
shown in Fig. 1a, it consists of a cup-like involucre of fused bracts
that includes a central, terminal, perianthless female flower sur-
rounded by a whorl of usually five lateral clusters of male flowers,
each of which is reduced to a single stamen (Prenner and Rudall,
2007). The rim of the involucral cup usually bears four or five
glands that often secrete nectar. A suite of synapomorphic charac-
ter states characterize the cyathium of Euphorbia relative to the
less modified pseudanthia present in Anthosteminae and Neoguil-
laumininae, including the reduction of bracteoles and bracts asso-
ciated with male flowers, the loss of a perianth in the male flowers,
and changes in the organization of the male flower clusters
(Prenner and Rudall, 2007; Prenner et al., 2008). Because of these
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structural changes, which are possibly mediated by an expansion
of the expression of the floral identity conferring FLORICAULA/LEA-
FY (LFY) protein to include the entire cyathium primordium (Pren-
ner et al., 2011), the mature cyathium attains a remarkable
similarity with basic eudicot floral structure in both body plan
organization and Gestalt.

The basic cyathial structure within Euphorbia is relatively uni-
form. However, pronounced diversity exists in the shape, colora-
tion, ornamentation, number, and position of the cyathial glands,
and major variants have been emphasized in delineating most of
the previously recognized satellite genera (Fig. 3b). Of these traits,
variation in cyathial gland merosity and the presence or absence of
appendages associated with each cyathial gland are among the
most apparent aspects of cyathial diversity that can be quantified
throughout the genus.

Cyathial gland merosity is a relatively labile trait in Euphorbia,
with numerous transitions between five and four glands. Subgenus
Esula is the most conserved in this regard among the four subgen-
eric clades, and differs from the other three in having cyathia with
four glands as both the ancestral state and the most common con-
dition within the clade. There have been just two changes in cyath-
ial gland merosity within subgenus Esula, in both cases from a 4- to
a 5-merous condition. This occurred independently in the pencil-
plant subclade B3.2 (Fig. 2a) and in the small subclade of E. schu-
gnanica and E. sclerocyathium. In the other three subgenera, 5-mer-
ous cyathia are plesiomorphic, and transitions to 4-merous cyathia
are always derived. In many of these instances, notably in the subc-
lade of section Anisophyllum (subclade D4.3, Fig. 2b) and the E.
graminea species group, the loss of a gland induces a subtle to mod-
erate bilateral symmetry in the cyathia of these groups. Based on
pollination biology reports of members of section Anisophyllum,
which have 4-merous cyathia, it is unlikely that this symmetry
shift effects a corresponding shift in pollination mechanism
(Ehrenfeld, 1979). Rather, it seems that the principal functional
benefit might be that the gap left by the absent gland accommo-
dates the elongated, recurved pedicel of the post-anthetic female
flower, thereby preventing it from obstructing access to the mouth
of the cyathium during the later male phase of reproduction.

In subgenera Chamaesyce and Euphorbia, modifications in gland
architecture can more extensively involve the entire whorl of
glands as a unit, in contrast with the other two subgenera, in which
variation is primarily expressed at the level of the individual gland.
The most extreme variants occur in the clades of subgenus
Euphorbia consisting of the formerly recognized satellite genera
Cubanthus, Monadenium, Pedilanthus, and Synadenium (Fig. 3b).
Except for cyathia of species in section Crepidaria (subclade C4.1;
Figs. 1d and 3b), these unusual cyathia usually bear a single gland,
and this gland has a different shape in each of the major clades.
Hoppe (1985) revealed that the single-glanded cyathia of section
Monadenium (subclade C5.2; Figs. 3b and 4c) develop from the fu-
sion of the entire whorl of glands and associated appendages. Cya-
thia of E. umbellata (=Synadenium) bear a ring-shaped gland that is
the product of the fusion of tissues from five gland positions,
whereas the horseshoe-shaped glands of species formerly con-
tained in the genus Monadenium (Fig. 3b) develop from the four
adaxial-most (uppermost) glands of the cyathium (Hoppe, 1985).
The latter type of nectary gland confers bilateral symmetry to the
cyathia of these species, but their pollination mechanism is un-
known. Cyathial gland fusion, although expressed to an extreme
in section Monadenium, is also expressed in its sister clade, section
Euphorbia (subclade C5.3). Here, the cyathial glands are usually
basally fused, with each of the (typically) five glands apically dis-
crete (Fig. 2o).

Single-glanded cyathia can possibly also develop by the sup-
pression of all but one gland. Our analysis demonstrates lability
in cyathial gland number in the clade of the characteristically
single-glanded section Poinsettia (subclade D4.5; Figs. 1f, 3b, 4c).
In this group, the early-diverging E. radians bears cyathia with four
of the cup-shaped, unappendaged glands that are diagnostic for the
group, suggesting that a reduction in the number of glands ex-
pressed, and not the fusion of several glands, effects the single-
glanded condition of the cyathia in other members of the section.

Gland appendages arose independently within each of the sub-
generic clades. All cyathial gland appendages in Euphorbia, how-
ever, share positional and early developmental features (Hoppe,
1985), suggesting that basic aspects of their pattern formation
may have a common genetic basis (Scotland, 2010). Despite the
ambiguous origin and early evolution of gland appendages in sub-
genus Esula (Fig. 4a), gland appendages, when present, are of a dis-
tinctive and rather uniform type for the group in being paired on
each gland so that the gland appears two-horned (Fig. 1e). Within
subgenus Rhizanthium, there are at least five origins (Fig. 4b) of
gland appendages, which typically are digitate and occur in a series
of three or more at the distal margin of each gland. Reports of car-
rion fly pollination in Euphorbia are restricted to species of this
subgenus that have gland appendages of this type (Vogel, 1954).

Gland appendages have independent origins in section Monade-
nium (subclade C5.2) and the New World Clade (clade C4) within
subgenus Euphorbia (Figs. 3b and 4c). Hoppe (1985) indicates that
the large, solitary gland present in each cyathium of section Mon-
adenium is predominantly produced from tissue homologous with
the appendages, and not the gland bodies. The largest range of
gland appendage form among any of the lineages we recognize
within the subgenera is present in the New World clade (clade
C4; Fig. 3b). Gland appendages of the slipper spurges, section Crep-
idaria (subclade C4.1; Figs. 1d, 3b, and 4c), are notable in that they
have a novel protective function in addition to their role as a visual
attractant. Slipper spurge cyathia typically have four petaloid
appendages associated with the cyathial glands. These are re-
stricted to the nectar spur, which represents a strongly modified
zone of the cyathial involucre and is a trait unique to this clade
(Dressler, 1957; Cacho et al., 2010). Because cyathial involucres
are distally open structures, the appendages function as a unit to
enclose the portion of the involucre forming the nectar spur. Nec-
tar is released at the distal juncture of the gland appendage ‘‘cap’’
and the cyathial involucre (Fig. 1d).

Gland appendages have a single origin in the petaloid append-
age clade of subgenus Chamaesyce in a majority of the trees we
examined (clade D4; Figs. 3b and 4c), but our analyses do not pre-
clude the possibility of independent origins of appendages in E.
glanduligera and its sister clade. The appendages resemble petal
blades—hence dubbed petaloid appendages—and are usually
white, but vary substantially in size between species. Based on spe-
cies belonging to section Anisophyllum, Ehrenfeld (1976, 1979) sug-
gested that cyathium size, which is largely governed by appendage
size, is positively correlated with pollination by larger-bodied in-
sects—particularly bees—in this group. Interestingly, gland
appendages have three independent losses within the petaloid
appendage clade. The most significant of these characterizes, and
is potentially synapomorphic for, section Poinsettia (subclade
D4.5; Figs. 1f, 3b and 4c), and may be related to a transfer of dis-
play function from petaloid appendages to conspicuously pig-
mented subcyathial leaves.

The caruncle, when present in Euphorbia, can function as an
elaiosome to attract ants that can further disperse the seeds after
their initial, ballistic dispersal (Sernander, 1906; Berg, 1975; van
der Pijl, 1982; Webster, 1994; Narbona et al., 2005; Lengyel
et al., 2010). Elaiosomes have been postulated to have over 100
independent origins among the angiosperms, and they have been
implicated as a key innovation, in association with ant dispersal,
which promoted increased net diversification rates in many angio-
sperm groups (Forest et al., 2007; Lengyel et al., 2009, 2010).
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Although caruncles are sometimes generalized to be a constitu-
tional feature of Euphorbia seeds, our character reconstructions
demonstrate that, of the subgeneric clades, this is true of only sub-
genus Esula (Fig. 4a). Perhaps not coincidently, most studies that
demonstrate seed dispersal by ants in Euphorbia focus on species
of subgenus Esula (Sernander, 1906; Pemberton, 1988; Espadaler
and Gómez, 1997; Narbona et al., 2005). However, caruncles were
likely absent from the early radiation of the major lineage of
Euphorbia that is sister to subgenus Esula. Within this clade of three
subgenera, caruncles did not evolve within subgenus Rhizanthium.
In contrast, caruncles originated independently at least 12 times
within the clade of subgenera Chamaesyce and Euphorbia. The re-
sults of the asymmetry likelihood ratio tests for this character am-
plify those of the ancestral state reconstructions because a one-
parameter model of evolution was nearly always rejected in favor
of a two-parameter model with a significantly greater transition
rate for caruncle gains. Hence, caruncle evolution in Euphorbia is
dynamic and parallels that of angiosperms as a whole in having a
pattern of multiple, independent origins.

Several Euphorbia taxa in which caruncles are absent or appar-
ently lost are of interest because they have alternative mechanisms
that enhance dispersal and germination. The only unambiguous in-
stance of caruncle loss in Euphorbia in our data set occurs in E. guy-
oniana, a member of subgenus Esula that is native to the western
Sahara Desert. It is unusual in having seeds covered by an irregular
series of radially extended, spongy ridges that may facilitate water
absorption after infrequent rainfall. An alternative seed dispersal
mechanism evolved in section Anisophyllum (subclade D4.3; Figs.
3b and 4c). The ecarunculate seeds of most species of this clade
have distinctive testa cells that develop polysaccharide-enriched,
helical wall thickenings (Jordan et al., 1985; Jordan and Hayden,
1992). These become mucilaginous and sticky when hydrated
and might function to adhere the seeds to potential dispersers.

4.2.2. Evolution of growth forms and plant architecture
Few, if any, angiosperm crown clades of comparable age to

Euphorbia (�42.5 million years before present; van Ee et al.,
2008) exhibit such an extremely diverse and disparate range of
growth forms. Growth form diversity is yet more remarkable from
an evolutionary perspective, as our analyses reveal that the com-
plexity is greater than previously thought. From a woody, non-suc-
culent ancestor, there have been at least five independent origins
of the herbaceous habit, at least seven transitions from herbs to
secondary woodiness, and 14 origins of strongly xeromorphic
growth forms. Inflorescence position and phyllotaxy are important
components of branching architecture in Euphorbia; hence, transi-
tions in these two traits are important correlates of growth form
evolution in the genus. Inflorescence position is perhaps the more
critical of these two traits because, in Euphorbia, it reflects the fun-
damental contrast between monopodial and sympodial architec-
ture. This, in turn, is significant to the evolution of the strongly
xeromorphic growth forms.

Euphorbia is well-known for its contingent of about 850 species
that exhibit strongly xeromorphic growth forms, all of which have
varying manifestations of stem or hypocotyl succulence. The most
renowned of these are the many African species that are strongly
convergent with the New World Cactaceae, but there also exists
a diversity of photosynthetic stem succulents with slender and
typically much-branched axes—the pencil plants—as well as an ar-
ray of caudiciform shrubs. The multiple, independent origins of
strongly xeromorphic growth forms in Euphorbia, which our anal-
yses demonstrate evolved from woody, non-succulent ancestors in
most instances, has as its likely basis the convergence of a suite of
stem anatomical character states. Based on what is known of the
stem anatomy of xeromorphic Euphorbia species (Trumpke, 1914;
Steinmann, 2001; Mauseth, 2004), these likely include the
abundant development of water-storage parenchyma, and, in pho-
tosynthetic stem succulents, delayed periderm production and a
gain or increase in stem-borne stomata, as in cacti (Steinmann,
2001; Edwards et al., 2005). Xeromorphy is also associated with se-
ven of the 10 transitions to lateral inflorescences in the clade of
tribe Euphorbieae (Fig. 3) and, further, approximately 75% of xero-
morphic Euphorbia species have lateral inflorescences, which pro-
vided an initial suggestion that the evolution of inflorescence
position and growth form may be correlated.

Indeed, a statistically significant correlation does exist between
the evolution of growth form type and inflorescence position in
Euphorbia (Tables 2 and 3; Suppl. Tables S3 and S4). The results
of the alternative model tests and Bayesian Z-scores indicate a de-
fined evolutionary pathway in the transitions between the four
states of these two characters (Fig. 5). From a non-xeromorphic
ancestor with terminal inflorescences, it is overwhelmingly more
likely that terminal inflorescences attend transitions to xeromor-
phy; and, correspondingly, that xerophytes with lateral inflores-
cences evolve from a xeromorphic ancestor with terminal
inflorescences. Interestingly, xerophytes with lateral inflorescences
apparently do not transition back to terminal inflorescences, sug-
gesting lateral inflorescences may confer a functional benefit rela-
tive to terminal inflorescences in Euphorbia xerophytes. We
address this idea below. Transitions from xeromorphic growth
forms to non-xeromorphic growth forms do occur in Euphorbia,
with most known instances consisting of individual species con-
fined to clade C5, which contains taxa with lateral inflorescences.
Our hypothesis tests also indicate that xerophytes with terminal
inflorescences may revert to a non-xeromorphic growth from.
However, ancestral state reconstructions of the two-state coding
of growth form do not confirm any unambiguous cases in which
such a transition actually occurs (Suppl. Fig. S12). Beyond what
we just described, our results indicate no other significant contin-
gencies to the evolution of xeromorphic growth forms and lateral
inflorescences, and no significant ordering in the evolution of these
two character states.

The possible evolutionary significance of lateral inflorescences
to Euphorbia xerophytes is perhaps broader than the results of
these tests can indicate. The strongly xeromorphic species of
Euphorbia inhabit regions with at least seasonally arid climates,
which is reflected in the seasonality of growth in these plants. In
species with shoots terminating in inflorescences, extension
growth recommences via dormant, axillary buds, with the result-
ing mature growth unit appearing constricted at its point of attach-
ment on the parent shoot. Because the aerial shoots of such plants
have limited production of secondary conducting tissues, espe-
cially in species with photosynthetic stems, the vascular insertions
remain narrow throughout. Such potential vascular constraints can
be mitigated if the plant branches at its base, in which case each
growth unit can root independently; but overall this strongly sym-
podial mode of construction seems to limit the stature of the plant
as well as the degree of succulence each branch unit can attain. In
contrast, shoots of succulent Euphorbia species that always bear
cyathia in a lateral position are essentially free of these structural
interruptions. Since these shoots can develop as comparatively
more fully integrated entities over time, they are often able to
reach larger dimensions, as exemplified by species that bear
resemblance to barrel or columnar cacti (Fig. 2d and m), or attain
tree stature as pencil plants.

Hence, the evolution of lateral inflorescences in xerophytic
clades of Euphorbia likely facilitated the evolution of xerophytes
of large stature. To our knowledge, all cactiform Euphorbia species
that are 0.5 m or greater in height have lateral inflorescences, as do
all arborescent pencil plants. These species are conspicuous and
dominant elements (Fig. 2d) of many vegetation types occurring
in arid regions of southern and eastern Africa and Madagascar,
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and the origins of these large xerophytes were undoubtedly impor-
tant to the evolution of the distinctive ecological communities in
which they occur. Diversity estimates reflect the significance of
this pair of traits, indicating that approximately 600 of the 850 spe-
cies of Euphorbia xerophytes have lateral inflorescences and fur-
thermore that 400 of those species are also of large stature. This
evidence suggests that the evolution of lateral inflorescences was
a significant factor for the diversification of these xerophytes by
enabling a novel ecological opportunity through a more effective
succulent stem design.

4.2.2.1. Subgenus Esula. Of the four subgeneric clades, subgenus
Esula is the least varied in terms of growth form and plant architec-
tural diversity. The herbaceous habit is reconstructed as a synapo-
morphy for the subgenus and characterizes all members of the
clade except for some Macaronesian and African species in subc-
lades B3.1 and B3.2 (Figs. 3a and 4a). Whether herbaceous or not,
all members of subgenus Esula have a similar basic unit of growth
consisting of a leafy, orthotropic shoot that is usually unbranched
below a terminal inflorescence, or the shoot is otherwise determi-
nate (Figs. 1j and 2b). Shoot construction of this type is common in
herbs generally, and fully describes the growth of the annual spe-
cies in the subgenus. Perennial herbaceous species are similar but
can produce many axes by basal branching. The few lineages in
which persistent, aerial shoot systems are secondarily derived con-
tain species that are shrubs to small trees or stem succulents of the
pencil-plant type, as in E. mauritanica (Fig. 2f). This is best exempli-
fied in the clade of section Aphyllis (clade inclusive of B3.1 and
B3.2; Figs. 3a and 4a; Barres et al., 2011). Architectural analyses
of several species belonging to these groups reveals that the aeri-
ally branched taxa all conform to Leeuwenberg’s model (Hallé
et al., 1978). This model represents one of the simplest approaches
to tree building, because all branches are morphologically equiva-
lent modules. Growth commences as outlined above in the herba-
ceous taxa, but then a series of branches is initiated in multiple
planes below the inflorescence region that repeats the construction
of the parent shoot. Subsequent branching proceeds in a similar
fashion, but usually with a progressive decrease in shoot size. Ma-
ture individuals can thus become small trees with dense, rounded
crowns (e.g., E. bourgaeana) or, if the epicotyledonary axis is rela-
tively short, plants may be densely branched, pencil-plant shrubs
(e.g., E. aphylla) to almost cushion-like shrubs (e.g., E. acanthotham-
nos). Xeromorphic growth forms evolved within subgenus Esula
only in the section Aphyllis clade, where many species exemplify
the pencil-plant growth form (E. aphylla and subclade B3.2; Figs.
3a and 4a; either with branched or unbranched aerial axes), and
in E. dimorphocaulon, which develops a persistent, caudiciform
stem that produces ephemeral flowering branches at the apex
and stoloniferous shoots at the base (Radcliffe-Smith, 1982).

4.2.2.2. Subgenus Rhizanthium. Based on our observations in subge-
nus Rhizanthium, branching is characteristically sympodial, with
terminal inflorescences, as in the woody members of subgenus
Esula. Woodiness, however, is plesiomorphic for subgenus
Rhizanthium. Several species, including the earliest-diverging line-
age of E. antso, develop a leader shoot that enables the production
of a morphologically distinct trunk (Rauh, 1998). Shoot dimorphism
is also apparent in the production of lateral short shoots, which
characterize many species formerly contained in sections Lyciopsis
and Somalica, such as E. smithii and E. giumboensis (Carter, 1988b).

Clade A6, a major group of South African xerophytes, is of inter-
est because it is the only species-rich radiation of succulent
Euphorbia in which inflorescence position is variable, and for which
the ancestral state for inflorescence position is terminal. Of the two
subclades of this lineage supported by our data, succulents with
terminal inflorescences are only present in subclade A6.2
(Figs. 3a and 4b). Terminal-flowering taxa of this lineage form a
grade, of which the more cactiform members have squat stem
modules that sometimes form linear sympodia with a strongly
jointed appearance, or else branch basally. Other species in this
assemblage develop elongated internodes and attain a pencil-plant
physiognomy. The latter condition is best exemplified in E. drege-
ana, in which stems can reach a height of over 1 m before flowering
(Fig. 2e). Axes are essentially senescent after they flower, with sub-
sequent shoots developed by basal branching. The convergence in
form and architecture of E. dregeana with that of some pencil-
plants of the unrelated E. mauritanica species group (subclade
B3.2, Fig. 2f) is so complete that it was recently suggested that they
both be included in subgenus Esula (Bruyns et al., 2006).

The monophyletic, lateral-flowering group nested within subc-
lade A6.2 (from E. bergeri to E. ramiglans) contains some of the most
unusual-appearing succulent angiosperms, although they are gen-
erally cactiform in aspect. Among these are species such as E. flana-
ganii that exhibit the distinctive ‘‘medusoid’’ growth form (Fig. 2k).
The disc-like apical region produces a mostly peripheral series of
cylindrical, thornless first-order branches. In other species, such
as E. schoenlandii, the primary axis is rarely branched and elongates
vertically, becoming stout at maturity and bearing prominent, heli-
cally arranged tubercles. In this species, an elongate, sterile pedun-
cle is produced at the apex of each tubercle and becomes a curved
spine; only later does the much shorter, true inflorescence emerge
between the spine and the tubercle (Fig. 2m).

Species in subclade A6.1 are uniformly cactiform and have
evolved the restriction of inflorescences to a lateral position inde-
pendently from subclade A6.2. Except in the clade of E. bubalina
and E. clava, stem tubercles are organized into vertical rows, form-
ing a series of ribs. The stems of these species can, therefore, ap-
pear pleated like those of many columnar cacti. The cactiform
appearance of several species is enhanced by the production of
sharp, axillary thorns derived from the persistent, indurated bases
of inflorescence peduncles. Members of this clade do not reach the
large size of many of the cactiform xerophytes in subgenus Euphor-
bia, but the stems of a few species in this group, such as E. pentag-
ona, can attain heights of up to 3 m (White et al., 1941).

4.2.2.3. Subgenus Euphorbia. Among the four subgeneric clades,
subgenus Euphorbia has the greatest diversity of growth forms
and plant architecture and, correspondingly, exhibits the greatest
complexity in the evolution of these traits. The ancestrally woody
taxa sampled here exhibit relatively simple architectural ap-
proaches to tree building. For example, E. plumerioides and E. puni-
cea (Bell, 1991) both conform to Leeuwenberg’s model, and E.
sinclairiana, an understory treelet of humid Neotropical forests, fre-
quently remains single-stemmed. Although not well characterized
architecturally, many of the largest arborescent members of the
genus are close relatives to ancestrally woody species sampled
here, including the Mexican E. tanquahuete, a tree of up to 25 m
(Steinmann and Porter, 2002) and the Madagascan E. pirahazo, a
tree of up to 30 m (Aubriot, 2008; E. mandravioky, Fig. 2a, is closely
related).

The evolution of xeromorphic growth forms within subgenus
Euphorbia is the most complex of the subgeneric clades. There
are five independent origins of xeromorphic growth forms within
subgenus Euphorbia, compared with two in subgenus Rhizanthium,
and, overall, these also have greater structural complexity. The two
origins of lateral inflorescences within the New World clade are
associated with species-poor clades of well-branched pencil plants
(Fig. 4c; E. sipolisii and E. weberbaueri) that superficially appear
similar to some of the sympodially branched pencil plants previ-
ously discussed. Monopodial growth in pencil plants of subgenus
Euphorbia makes possible different architectural strategies relative
to nearly all of those of the other subgenera. Indeterminate
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meristems allow these plants to develop an extended trunk and
become arborescent. This phenomenon is best exemplified in sec-
tion Tirucalli (clade C3; Fig. 2g), which contains one of the primary
radiations of pencil plants in Euphorbia. Cremers (1977, 1984) ana-
lyzed the architecture of many of the Madagascan species in this
clade, which can become succulent trees up to 20 m in height,
demonstrating that nearly all the arborescent species conform to
architectural models characterized by the exclusive development
of monopodial, orthotropic axes. Not all pencil plants in subgenus
Euphorbia are monopodial, however. Sympodial pencil-plants are
found in section Crepidaria, represented here by E. lomelii (Cacho
et al., 2010) and in E. intisy (in an unnamed sister group to section
Tirucalli; Cremers, 1977).

Clade C5 (Fig. 3b), which includes sections Euphorbia, Gonioste-
ma and Monadenium, is the most species-rich and morphologically
diverse group of xeromorphs within Euphorbia and is also associ-
ated with a transition to lateral inflorescences, effecting monopo-
dial growth. Members of sections Euphorbia and Goniostema,
despite their close relationship, almost wholly contrast in their
range of growth forms, whereas growth form diversity in section
Monadenium has parallels with both of these clades.

The Madagascan section Goniostema (subclade C5.1, Fig. 3b) is
the largest and most diverse radiation of caudiciform shrubs with-
in Euphorbia (Figs. 2c and 4c). The stems of many species are little
branched or unbranched aerially and often bear a pair of stipular
spines at each node that can be accompanied by supernumerary
spines (Uhlarz, 1974). Based on our sampling, phyllotaxy in the
earliest-diverging lineage of the section (represented by E. neo-
humbertii + E. iharanae) is unusual because it emphasizes the verti-
cal relationship among nodes so that stems are strongly angled and
bear vertical rows of spines (Fig. 2n). Despite the distinctiveness of
this physiognomy, a more completely sampled phylogenetic study
of this section suggests that it arose at least twice within the group
(Haevermans et al., 2004). Pencil plants evolved once within the
section in a lineage represented here by E. alluaudii (Haevermans
et al., 2004). These pencil plants are distinctive in having axes that
commence development as long shoots but abruptly differentiate
to a short shoot-like morphology during the reproductive phase
of growth. Growth remains monopodial, but the unusual develop-
ment of these shoots is evidenced on older axes as a series of con-
strictions that bear circular scars (Fig. 2i; Cremers, 1977). This
mode of shoot development is further emphasized in the lateral
branches of E. hedyotoides and related species—close relatives of
E. alluaudii—because long shoots differentiate permanently into
short shoots. Each short shoot becomes sequentially displaced by
a vigorous long shoot(s) that effects yearly extension growth, so
that the resulting branch complexes are sympodia (Fig. 2j). There-
fore, the evolution of these architectural features in E. hedyotoides
and allies makes possible the only known transition from monopo-
dial growth to sympodial growth in Euphorbia.

Based on our analyses, the ancestral state for growth form at the
root of section Monadenium (subclade C5.2, Fig. 4c) is also a caudic-
iform shrub. Included in this section is Euphorbia umbellata (for-
merly placed in Synadenium), which matures as a pachycaul tree.
However, our sampling of this section is sparse (3 of about 90 spe-
cies) given the extensive diversity of growth forms in this clade,
such as unsampled cactiform succulents in E. ritchiei and vining
caudiciforms in E. neorubella. Leaf succulence, uncommon and
poorly expressed in Euphorbia as a whole, is best developed in
some members of this clade.

Section Euphorbia (subclade C5.3, Fig. 3b) includes many of the
best-known cactiform succulents within Euphorbia, and most of
the large, candelabra-like species that merit comparison with
columnar cacti (Fig. 2d). Stems are commonly tuberculate or
ribbed and often bear a highly modified, sclerotic branch complex
at each node termed a spine shield (Fig. 2o), which in its most basic
condition bears a pair of spines said to be of stipular origin and ter-
minates in an additional pair of spines, according to Uhlarz (1974).
Substantial variation on this basic plan occurs within the clade
(Carter, 1994).

Results from this and other molecular phylogenetic analyses
(e.g., Zimmermann et al., 2010) indicate that the Socotran endemic
E. abdelkuri—an apparently leafless, spineless, clustering, cactiform
species—is sister to all other members of section Euphorbia, with
most lineages diverging subsequent to this species containing cac-
tiform representatives. The reconstructed growth form for the sec-
tion, therefore, is a cactiform succulent (Fig. 4c).

The similarity in form between cactiform Euphorbia species and
many Cactaceae is a remarkable example of convergence in plant
evolution, and should be further investigated to this end. But, it
is also necessary to appreciate the differences that exist between
the two groups at a fundamental structural level and, moreover,
to understand the evolutionary implications of these differences.
For example, many cactiform lineages of section Euphorbia, unlike
cacti, maintain the capability of developing large foliage leaves,
potentially decreasing their dependence upon stem photosynthe-
sis. From an evolutionary perspective, this phenomenon may have
conferred a degree of lability within the clade that facilitated tran-
sitions to an array of growth forms in which leaves resume the pri-
mary role as photosynthetic organs. Such transitions rarely occur
in Cactaceae (Edwards et al., 2005; Hernández-Hernández et al.,
2011), but might not be uncommon in section Euphorbia. This is
illustrated in our analyses by the strongly nested clade of E. unisp-
ina and E. venenifica, which have secondarily derived a relatively
early onset of periderm production and become caudiciform tre-
elets that bear large, deciduous foliage leaves (Fig. 4c). Euphorbia
drupifera, a pachycaul tree, provides another example of such a
transition. Other examples that await further investigation include
several geophytic species from India (Aditya, 2010) and Africa (Gil-
bert, 1987) that resolve in strongly nested positions within section
Euphorbia in other studies (Steinmann and Porter, 2002; Zimmer-
mann et al., 2010).

4.2.2.4. Subgenus Chamaesyce. The reconstructed state for growth
form at the root node of subgenus Chamaesyce is either a non-xero-
morphic, woody plant in a majority of the phylogenetic trees
examined, or else equivocal (Fig. 4c), with herbs and woody plants
reconstructed with much higher proportional likelihoods than any
of the xerophyte character states (results not shown). Stem succu-
lence is, therefore, a derived condition and is most common in the
early-diverging African/Madagascan lineages of this clade (e.g., E.
platyclada), but is neither as common nor as strongly expressed
here as in subgenus Euphorbia. Pencil plants are the most common
xeromorphic growth form within subgenus Chamaesyce and have
at least three independent origins within the clade. Those of the
largely southern African section Articulofruticosae (clade D3,
Fig. 3b) are unusual relative to almost all other pencil plant Euphor-
bia species in their decussate phyllotaxy and sometimes limited
extent of succulence, so that some species of this clade conse-
quently resemble species of Ephedra (Fig. 2h). Pencil plants also
originated within the petaloid appendage clade (subclade D4.3,
Fig. 2). The Brazilian E. appariciana (lineage D4.2) is unusual in that
the succulent portion of its stem is entirely internodal because
each branch unit terminates in a cyathium. Other pencil plant spe-
cies not sampled in this study, such as the well-known candelilla,
E. antisyphilitica, are resolved in other studies within section Alec-
toroctonum (i.e., subclade D4.6, Fig. 3b; Steinmann and Porter,
2002; Zimmermann et al., 2010).

The second largest assemblage of herbaceous Euphorbia species
evolved in subgenus Chamaesyce, and these are mostly contained
within the petaloid appendage clade (subclade D4.3, Fig. 3b). Our
analyses reveal that there are several independent transitions back
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to a woody habit in the petaloid appendage clade, similar to the
pattern we found in subgenus Esula (Fig. 4c). Unlike subgenus Esu-
la, the secondarily woody lineages of clade D4 are architecturally
diverse, perhaps related to the independence of their origins
(based on information from four species in Hallé et al., 1978).

Phyllotaxy is a very labile trait in subgenus Chamaesyce, unlike
the other subgenera of Euphorbia. Opposite or whorled phyllotaxy
characterizes several lineages in this subgenus, with members of
section Anisophyllum (subclade D4.3; Figs. 1k, 3b and 4c) being
the best known of these groups, owing to both the size of the clade
(around 350 species) and its nearly global distribution. The evolu-
tion of the distinctive architecture expressed by most members of
this group has received considerable research attention because it
appears quite disparate from most other Euphorbia species. As we
discuss below, these growth traits might have a synergistic associ-
ation with the origin of C4 photosynthesis in the group as well as a
key role in enabling very short generation times that might facili-
tate the success of many species as weeds (Yang and Berry, 2008).

The earliest diverging lineage of this clade is the species-poor
subsection Acutae, represented in our analysis by E. acuta (Mayfield,
1991; Yang and Berry, 2011). The three species of subsection Acutae
are unlike the other, uniformly C4 members of section Anisophyllum
in that one species expresses a C3 photosynthetic pathway and the
other two a C2 photosynthetic pathway (a C3–C4 intermediate type;
Webster et al., 1975; Sage et al., 2011). In E. acuta, all axes are ortho-
tropic and appear unbranched aerially, with decussate phyllotaxy
throughout. Each axis becomes highly modular after the onset of
the reproductive phase and develops as a linear sympodium. Each
module consists of a shoot that apically bears a pair of opposite
leaves and terminates in an inflorescence. This method of branch
development is similar to that present in E. appariciana, but impor-
tantly differs in that the axillary shoot that perpetuates the sympo-
dium develops contemporaneously with the parent shoot (sylleptic
branching). Therefore, each inflorescence matures in an apparently
lateral position, and the entire axis appears as an integrated whole,
without evident articulations. Branching can be considered cymose
because the branches develop exclusively from the axils of leaves
that are interpretable as prophylls.

Cymose branching is more prevalent in the shoot construction
of members of the species-rich core clade of section Anisophyllum
that is sister to subsection Acutae, in which the epicotyledonary
axis aborts above the first pair of foliage leaves, so that aerial
shoots develop from buds in axils of the cotyledons (Hayden,
1988; Hayden and Troyanskaya, 1998). These shoot systems are
variously monochasially or dichasially branched, but differ from
nearly all other Euphorbia species in being plagiotropic (dorsiven-
tral) by successively reorienting growth modules about 90� in an
alternating right-left hand fashion so that phyllotaxy becomes dis-
tichous (Fig. 1k). Plagiotropic branches with a distichous leaf
arrangement maximize the total leaf surface area directly exposed
to sunlight. Given that species belonging to the core clade of sec-
tion Anisophyllum are C4 plants that typically grow in habitats ex-
posed to intense sunlight with high daytime temperatures, and
that can experience drought (Simmons and Hayden, 1997), maxi-
mal whole-plant photosynthetic rates can be sustained with little
risk of photorespiration. Therefore, in synergy with the stabiliza-
tion of the C4 photosynthetic pathway in members of this clade,
the evolution of this novel suite of growth traits can be interpreted
as achieving a design optimum that potentially is adaptively ben-
eficial in such environments. The unusually early onset of flower-
ing in many species, facilitated by the rapid transition to cymose
branching, enables remarkably short generation times relative to
other Euphorbia species. Multiple, overlapping generations can be
established within a growing season in the many annual herba-
ceous species, such as the ubiquitous weed E. maculata (Fig. 1k;
Suzuki and Teranishi, 2005). Furthermore, nearly all meristems
forming branches (modules) are committed to flowering, which
promotes sustained, increasingly high levels of reproductive out-
put throughout the life of the plant (Suzuki and Ohnishi, 2006).

Although most species in section Anisophyllum are prostrate
herbs, several species secondarily evolved woodiness. These species
are usually small shrubs, but a few endemic to the Hawaiian Islands
attain tree stature (Koutnik, 1987; Yang et al., 2009). The formation
of erect axes in semi-woody to arborescent species may involve the
development of reaction wood on the upper side of the leader shoot
to reorient it vertically. Fisher and Stevenson (1981) demonstrated
this growth phenomenon to be present in many trees constructed
entirely from fundamentally plagiotropic axes.

The above discussion highlights the possible adaptive signifi-
cance of morphological traits that characterize section Anisophyl-
lum. Our synthesis suggests that it is probably not only the
evolution of the C4 photosynthetic pathway within the group,
but also the acquisition of the full suite of novel structural traits
that are biologically distinctive for the group that should be con-
sidered collectively as a possible ‘‘key innovation.’’

4.3. Conclusions

Based on our results and synthesis, it is clear that the evolution
of the myriad growth forms in the genus was critical to its overall
diversification. This perspective differs significantly from previous
interpretations that emphasized the origin of the cyathium as the
key innovation that led to the diversification of the genus. The ori-
gin of these novel growth forms permitted access to correspond-
ingly novel ecological opportunities, and particularly impressive
are the replicate radiations of similar growth forms in similar,
mostly arid, environments among the subgeneric clades.

Although the tempo of evolutionary divergence within Euphor-
bia remains to be investigated in detail, branch length information
(Suppl. Fig. S1) suggests that species-rich lineages might strongly
differ in their relative rates of diversification. Extremely short
branch lengths possibly indicate rapid radiations in both the south-
ern African succulent clade within subgenus Rhizanthium and deep
nodes of the New World clade of subgenus Euphorbia. In contrast,
relatively moderate and even branch lengths throughout much of
the clades of subgenus Esula could indicate a comparatively slower,
steady accumulation of lineages through time. The marked differ-
ences in generation time and plant longevity associated with
growth form (i.e., rapid and short-lived in members of Anisophyl-
lum versus protracted and long-lived in most succulent lineages)
may strongly influence substitution rate heterogeneity within
Euphorbia, adding further complexity (Smith and Donoghue,
2008; Smith and Beaulieu, 2009). Future studies based on these
concepts will be necessary to achieve a new evolutionary synthesis
of this remarkable angiosperm clade.
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