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IntroductIon

Caryophyllaceae (Caryophyllales) form a clade of approxi-
mately 2200 species of herbs and subshrubs traditionally placed 
in some 70 to 86 genera (Bittrich, 1993b). Although it has a 
primarily Holarctic distribution with a center of diversity in the 
Mediterranean and Irano-Turanean regions, there are genera 
endemic to North America, South America, Africa, and Asia. 
Many species occupy dry, exposed habitats, but some are found 
in moist habitats such as temperate forests and meadows. At 
least seven genera have circumpolar distributions, several spe-
cies grow at the very highest elevations occupied by plants (ca. 
7000 meters), and Colobanthus quitensis is one of the very 
few angiosperms in Antarctica (Bittrich, 1993b). Despite their 
popularity in horticulture (e.g., carnations, Dianthus), and the 
importance of weedy species (e.g., the chickweed, Stellaria 
media), our knowledge of phylogenetic relationships in Caryo-
phyllaceae is still limited.

The monophyly of Caryophyllaceae has been supported by 
molecular evidence (Downie & al., 1997; Cuenod & al., 2002; 
Brockington & al., 2009) and by two morphological synapo-
morphies: incomplete or complete reduction of the septa in the 
ovary and P III c’f sieve tube element plastids (Bittrich, 1993b). 
Traditionally, Caryophyllaceae are subdivided into three sub-
families: Alsinoideae, Caryophylloideae, and Paronychioideae. 
Alsinoideae are distinguished by nectar glands located at the 
abaxial base of the episepalous stamens (Bittrich, 1993b) and 

Caryophylloideae by a tubular calyx tube and jointed/clawed 
petals (Chrtek & Slavikova, 1987). Bittrich (1993b) suggested 
that Alsinoideae and Caryophylloideae together form a mono-
phyletic group based on caryophyllad-type embryology, as com-
pared with solanad embryology in Paronychioideae. Solanad, 
caryophyllad, and chenopodiad (which is the dominant type 
in the closely related Amaranthaceae; Townsend, 1993) em-
bryologies are very similar, all beginning their development 
with a transverse division of the terminal cell in the two-celled 
embryo. In solanad and chenopodiad embryo development, the 
basal cell also undergoes a transverse division, while the basal 
cell in caryophyllad embryos does not divide (Raghavan, 2006). 
Chromosome number, which tends to be higher in Alsinoideae 
(base numbers x = 6–19) and Caryophylloideae (base numbers 
x = 10–18) than in Paronychioideae (base numbers x = 8–9; Bit-
trich, 1993b), may also support the monophyly of Alsinoideae 
plus Caryophylloideae. Chromosome numbers have also sug-
gested to some authors that Caryophylloideae are derived from 
within Alsinoideae (Fernandes & Leitao, 1971; Bittrich, 1993b), 
as Caryophylloideae species tend to have higher base numbers. 
In addition to the probably plesiomorphic solanad embryo de-
velopment, Paronychiodeae are characterized by the presence 
of stipules (Bittrich, 1993b). It has been noted that homoplasy 
in morphological characters within Caryophyllaceae has been 
problematical in circumscribing subfamilies (Bittrich, 1993b; 
Fior & al., 2006; Harbaugh & al., 2010), emphasizing the need 
for molecular data.
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Molecular phylogenetic studies to date (Smissen & al., 
2002; Fior & al., 2006; Frajman & al., 2009; Harbaugh & al., 
2010) have suggested that the traditionally recognized sub-
families are non-monophyletic. In the most recent study, Har-
baugh & al. (2010) found that the genera historically placed in 
Paronychioideae form a basal grade, while those traditionally 
classified as Alsinoideae and Caryophylloideae form a mono-
phyletic group within which there are two major clades that do 
not correspond completely with the two traditional subfamilies. 
The monophyly of subfamily Caryophylloideae is not fully con-
tradicted in any of these molecular studies, but support has not 
been uniformly strong (Fior & al., 2006; Harbaugh & al., 2010). 
Doubts about the monophyly of the traditional subfamilies led 
Harbaugh & al. (2010) to propose a new classification for the 
group. In their treatment, 11 major hypothesized clades were 
named as tribes.

The previous molecular phylogenetic studies of Caryophyl-
laceae have been limited in terms of the sample of species in-
cluded. For example, Fior & al. (2006) included 40 species (~2% 
of the estimated total), while Harbaugh & al. (2010) sampled 
126 species (~6%). More thorough sampling might increase 
confidence in relationships among the major lineages, and 
would certainly clarify the placement of many smaller genera 
that have not yet been sampled. The primary aim of the present 
study was to infer a substantially larger, more evenly sampled, 
phylogenetic tree for Caryophyllaceae. Although this sets the 
stage for studies of diversification, biogeography, and niche 
evolution, our intention in this paper is to resolve phylogenetic 
relationships with greater confidence within Caryophyllaceae, 
and to understand better the phylogenetic distribution of the 
characters that have figured prominently in taxonomic treat-
ments and previous classification systems. Specifically, we 
have inferred a 630-tip phylogeny using data from the nuclear 
ribosomal ITS region and five chloroplast genes: matK, ndhF, 
trnL-trnF, trnQ-rps16, and trnS-trnfM. In the context of the 
resulting phylogenetic trees, we evaluate the classification of 

the group, focusing especially on the traditional subfamilies 
and the tribal classification system of Harbaugh & al. (2010). 
We also consider the evolution of several conspicuous floral 
characters, fruit type, and stipules.

MaterIals and Methods

Samples. — Sequence data from 630 accessions were ob-
tained from herbarium specimens and from GenBank (Table 1; 
July 2009). Sequences for 196 species previously unavailable 
in GenBank were added by this study, and a total of 1199 
new sequences were generated. See the Appendix (Electronic 
Supplement) for voucher information and GenBank GI num-
bers of all specimens used in this study. The most widely used 
classification of Caryophyllaceae (Bittrich, 1993b) was taken 
into consideration when selecting taxa, which were chosen to 
proportionally cover all major groups within Caryophyllaceae. 
The final dataset included 615 Caryophyllaceae species, 14 
Amaranthaceae species, and Mollugo verticillata (Mollugina-
ceae). While Molluginaceae are traditionally used as an out-
group for Caryophyllaceae (Smissen & al., 2002), recent studies 
(Brockington & al., 2009; Schaferhoff & al., 2009) find that 
Amaranthaceae are more closely related to Caryophyllaceae. To 
infer character states at the base of Caryophyllaceae we rooted 
our trees along the Mollugo verticillata branch.

DNA extraction, PCR protocols, and sequencing. — Total 
DNAs were extracted using a modified Qiagen DNeasy Plant 
Mini Kit (Qiagen, La Jolla, California, U.S.A.) protocol (Wur-
dack & al., 2004). Double-stranded copies of all regions were 
amplified using standard Polymerase Chain Reaction (PCR) 
in 25-µl reactions. All reactions included an initial heating 
for 2 min at 80°C and 2 min at 94°C; then 5 cycles of 1 min 
denaturation at 94°C, 40 s annealing at 50°C, 3 min extension 
at 68°C; 35 cycles of 30 s denaturation at 94°C, 20 s annealing 
at 48°C, 1.5 min extension at 86°C; and a final extension for 

Table 1. Taxa sampled in this study and two previous studies. Tribal classification from Bittrich (1993b).

Subfamily Tribe Total genera
Genera (species) sampled  

in Fior & al., 2006
Genera (species) sampled  
in Harbaugh & al., 2010

Genera (species) sampled 
in this study

Paronychioideae
Polycarpeae 16 6 (7) 6 (8) 8 (16)
Paronychieae 15 7 (13) 4 (6) 11 (44)
Corrigioleae 2 2 (2) 2 (3) 2 (3)

Alsinoideae

Alsineae 28 9 (32) 18 (74) 18 (244)
Pycnophylleae 1 1 (1) 1 (2) 1 (3)
Sclerantheae 2 1 (3) 1 (3) 1 (3)
Habrosieae 1 0 (0) 0 (0) 1 (1)
Geocarpeae 1 0 (0) 1 (1) 1 (1)

Caryophylloideae
Caryophylleae 17 7 (11) 8 (15) 10 (74)
Drypideae 1 1 (1) 1 (1) 1 (1)
Sileneae 8 4 (9) 4 (13) 8 (225)

TOTAL 92 38 (79) 46 (126) 62 (615)
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10 min at 86°C. Amplifications were purified using polyeth-
ylene glycol (PEG) DNA precipitation. Dye-terminator cycle 
sequencing analyses were carried out using the ABI PRISM 
“BigDye” v.3.0 primer cycle sequencing ready reaction kit 
(ABI, Foster City, California, U.S.A.) and were analyzed us-
ing an ABI 3730 Genetic Analyzer (ABI). New sequences were 
combined with those downloaded from GenBank.

A total of six gene regions were amplified for this 
study: nrITS, matK, ndhF, trnL-trnF, trnQ-rps16, and trnS-
trnfM. Primers for ITS (Schmidt & Schilling, 2000), trnL-trnF 
(Taberlet & al., 1991), trnQ-rps16 (Shaw & al., 2007), and trnS-
trnfM (Shaw & al., 2005) are universal primers. Primers for 
matK and ndhF were those used in previous studies of Caryo-
phyllaceae (Smissen & al., 2002; Fior & al., 2006).

Sequence alignment and phylogenetic analysis. — Con-
tiguous sequences were assembled using Sequencher v.4.7 
(Gene Codes Corp., Madison, Wisconsin, U.S.A.). Groups 
of closely related sequences were aligned with PRANK, a 
phylogeny-aware gap placement alignment program (Loy-
tynoja & Goldman, 2008). Multiple sequence alignments were 
then aligned using MUSCLE profile-profile alignment (Edgar, 
2004). This was especially useful in improving ITS alignments. 
Alignment errors were identified and corrected with the pair-
wise alignment tool in the Align package in Mesquite (Mad-
dison & Maddison, 2010). The resulting data matrices (and the 
trees presented here) are available in TreeBase (www.treebase 
.org) or upon request from the first author.

The data were analyzed using maximum likelihood (ML) 
methods. Tree searches for ML analyses were executed un-
der the GTRMIX nucleotide substitution model in RAxML 
v.7.2.2 (Lemmon & Moriarty, 2003; Alfaro & Huelsenbeck, 
2006; Stamatakis, 2006a, b; Stamatakis & al., 2008; Ripplinger 
& Sullivan, 2008). This model first uses the GTRCAT model to 
perform tree inferences. GTRCAT is a nucleotide substitution 
model that uses a general time reversible approximation and op-
timizes individual per-site substitution rates in a fixed number 
of rate categories (CAT). The CAT model is empirically equiva-
lent to the GAMMA model, but has faster inference times and 
requires significantly less memory. However, alternative tree 
topologies cannot be compared using CAT-based likelihood 
values (Stamatakis, 2006a). Therefore, GTRMIX switches to 
a GAMMA (general time reversible substitution model with 
a gamma model of rate heterogeneity) model to evaluate final 
tree topologies and obtain stable likelihood values. The data 
were partitioned by gene for the ML analyses (a total of six 
partitions), and nonparametric bootstrapping under ML was 
carried out on the dataset using 100 bootstrap replicates. Trees 
were inferred from the ITS dataset (25.7% missing data), the 
chloroplast dataset (68.2% missing data), the full combined 
dataset (73.5% missing data), and a reduced combined dataset 
that included only species with both ITS and chloroplast data 
(58.5% missing data).

Morphological characters and ancestral state recon-
structions. — Data were collected for seven morphological 
characters: (1) fruit type (capsule or utricle), (2) petal presence/
absence, (3) tubular calyx presence/absence, (4) stipule pres-
ence/absence, (5) fruit dehiscence, (6) stamen number, and (7) 

maximum seed number. Morphological data were obtained 
from floras, species keys, and herbarium specimens (Bittrich 
1993a, b; Townsend, 1993; Lu & al., 2001; Rabeler & Hart-
man, 2005).

Characters 1–4 are discrete, binary characters and an-
cestral states for all nodes excluding the root of the entire 
tree (Mollugo verticillata) were reconstructed with maximum 
likelihood methods using LASRDisc v.1.0 (Likelihood An-
cestral State Reconstruction for Discrete Characters; Jackson, 
2004). Character 5 is a multi-state character with three dis-
crete states: dehiscent fruit, indehiscent fruit, and fruit that 
ruptures irregularly. Character 6 has six discrete states: 1, 3, 
4, 5, 8, or 10 stamens. However, because 1, 3, 4, or 8 stamens 
are rare, Fig. 5D is simplified to show only two character 
states: 5 (rarely 1, 3, or 4) stamens, and 10 (rarely 8) stamens. 
Species with 1, 3, 4, or 8 stamens are listed in the figure 
caption. In addition, we note that several shifts between the 
5- and 10-stamen states were initially inferred to have oc-
curred via a single-stamen intermediate. These results were 
further investigated in Mesquite and, as expected, the single 
stamen state was found to be unlikely at these nodes. Figure 
5D reflects the Mesquite analyses. Character 7, seed number, 
is also a multi-state discrete character, but potentially has a 
very large number of states. However, based on an initial 
evaluation of the distribution of seed numbers, we recognized 
four categories: 1, 2–50, 51–99, and 100+ seeds. Maximum 
values were generally used for characters 6 and 7. However, if 
a maximum stated value was designated as “rare”, the highest 
common value was used. Ancestral states for characters 5–7 
were reconstructed for all nodes excluding the root of the 
entire tree using maximum likelihood methods in BayesTraits 
(Pagel, 1999).

Ancestral states at nodes along the backbone of the tree 
were further tested by comparing likelihood scores to examine 
whether a particular character state was significantly (>2 lnL; 
Edwards, 1992) more likely. The “fossil” command in Bayes-
Traits (Pagel, 1999) was used to fix the state at the node of inter-
est. This was repeated for each character state, which allowed 
us to obtain the likelihood associated with each alternative 
state. Character states with the highest significantly different 
likelihood were considered the most likely ancestral state.

results

The final combined dataset included 630 species, 196 of 
which are newly sequenced. A single Molluginaceae species 
(Mollugo verticillata) was included in the dataset for root-
ing purposes, along with 14 species of Amaranthaceae, and 
615 species of Caryophyllaceae. The combined data matrix 
consisted of 6547 aligned nucleotides, 5165 of which were vari-
able (~79%). The most variable marker was trnQ-rps16, fol-
lowed by ITS, matK, trnL-trnF, trnS-trnfM, and ndhF (Table 2). 
The ITS data matrix consisted of 706 aligned nucleotides, 638 
(~90%) of which were variable. The combined chloroplast data 
matrix consisted of 5841 aligned nucleotides, 4527 (~78%) of 
which were variable.

http://www.treebase
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Major relationships within Caryophyllaceae. — Our 
phylogenetic results are largely consistent with other recent 
analyses (Figs. 1–4; Fior & al., 2006; Harbaugh & al., 2010), 
although the sample of species was greatly increased (Table 1). 
Caryophyllaceae are supported as a clade (100% BS; node 1, 
Fig. 1A, D). The first divergence within Caryophyllaceae 
separates a clade comprised of Telephium and Corrigiola 
(the Corrigioleae of Harbaugh & al., 2010) from the rest of 
Caryophyllaceae (100% BS; node 2, Fig. 1A, D). The first 
divergence within the larger clade (node 2, Fig. 1A, D) divides 
a clade of Paronychioideae species (the Paronychieae of Har-
baugh & al., 2010; including all Paronychia) from the rest of 
Caryophyllaceae (99% BS; node 3, Fig. 1A, D; Harbaugh & al., 
2010). The first divergence within node 3 separates another 
clade of Paronychioideae (designated as tribe Polycarpaeae by 
Harbaugh & al., 2010) from the rest of Caryophyllaceae (78% 
BS; node 4, Fig. 1A, D), which diverges into the final clade of 
Paronychiodeae (designated as tribe Sperguleae by Harbaugh 
& al., 2010) and the rest of Caryophyllaceae (61% BS; node 
5, Fig. 1A). The genera present in tribes Paronychieae, Poly-
carpaeae, and Sperguleae are largely consistent with those in 
Harbaugh & al. (2010), although additional small genera have 
been added to each tribe in our analyses.

The large remaining Caryophyllaceae clade (61% BS; node 
5, Fig. 1A) comprises all members of subfamilies Alsinoideae 
and Caryophylloideae, and is split into two large clades (59% 
BS and 96% BS, respectively; nodes 6 and 7, Fig. 1A). The 
majority of Alsinoideae form a clade at node 6, while node 7 
is comprised of two large clades (100% BS and 96% BS, re-
spectively; nodes 8 and 13, Fig. 1A, C) containing all Caryo-
phylloideae species (other than Drypis spinosa) as well as a 
small clade (100% BS; node 9, Fig. 1B) traditionally assigned 
to Alsinoideae, which contains species of Arenaria and Minu-
artia (tribe Eremogone of Harbaugh & al., 2010). The clade at 
node 6 is comprised of two clades (nodes 10 and 11, Fig. 1A). 
The clade at node 10 (86% BS, Figs. 1A, 2A) comprises two 
named tribes: Sclerantheae and Sagineae, both of which are 
also clades in our analysis. As in Harbaugh & al. (2010), Scler-
antheae (100% BS) includes the Hawaiian genus Schiedea as 
well as Geocarpon, Honckenya, Scleranthus, and Wilhelmsia. 
Our analyses also include a single Spergularia species (Sper-
gularia heldreichii) and four Stellaria species in this clade. 

Sagineae (84% BS) includes Bufonia, Colobanthus, Sagina, 
and Drypis spinosa, which is also consistent with the findings 
of Harbaugh & al. (2010). Drypis is a monotypic genus usu-
ally included in subfamily Caryophylloideae (originally placed 
in the monotypic tribe Drypideae). Our analyses also include 
Habrosia and Arenaria fontinalis in Sagineae. As in Harbaugh 
& al. (2010), Sclerantheae and Sagineae also include the major-
ity of Minuartia species. The clade at node 11 (87% BS, Fig. 1A) 
is comprised of two clades that have been recognized as tribes. 
Alsineae (95% BS, Fig. 3A) contains Stellaria, Cerastium, and 
some Arenaria species, and many smaller genera including 
Holosteum, Lepyrodiclis, Moenchia, Myosoton, Plettkea, and 
Pseudostellaria. Arenarieae (99% BS, Fig. 2B) contains Moeh-
ringia and the majority of Arenaria species.

The clade at node 8 (Fig. 1A) is also split into two clades 
(nodes 9 and 12, Fig. 1A). The clade at node 9 (100% BS, 
Fig. 1B) corresponds to tribe Eremogone, and is traditionally 
included within subfamily Alsinoideae. The clade at node 12 
(100% BS, Fig, 3B) corresponds to tribe Caryophylleae, which 
includes Gypsophila and Dianthus, along with smaller genera 
such as Petrorhagia, Saponaria, Allochrusa and Vaccaria. Our 
analyses also include Psammosilene and Bolbosaponaria in 
this clade. The clade at node 13 (96% BS, Figs. 1C, 4A–B), 
corresponding to tribe Sileneae (Harbaugh & al., 2010), is com-
prised of all Silene species as well as smaller genera such as 
Agrostemma, Lychnis, and Petrocoptis.

Although comparison is difficult owing to lack of resolu-
tion and differences among the datasets, tree topologies for the 
five chloroplast markers are generally congruent with one an-
other, with ITS, and with the combined dataset (Figs. S1–S6 in 
the Electronic Supplement). In all six gene trees, Sileneae and 
Caryophylleae each form clades. In gene trees where the back-
bone is sufficiently resolved (trnS-trnfM, trnQ-rps16, ndhF, 
matK), these clades are closely related to one another and to 
Eremogoneae. While the placement of Eremogoneae as sister 
to Caryophylleae is consistent in the combined dataset, the 
combined chloroplast tree, ITS, and trnS-trnfM, Eremogoneae 
are sister to Sileneae in the matK dataset. Other chloroplast 
markers do not directly address the placement of Eremogoneae, 
either due to lack of resolution (trnL-trnF) or the absence of 
relevant species. Alsineae, Arenarieae, Sclerantheae, and Sag-
ineae form clades in all six gene trees, but the placement of 

Table 2. Statistics from data matrices used for maximum likelihood analyses.
ITS matK ndhF trnL-trnF trnQ-rps16 trnS-trnfM Chloroplast Combined

No. of sequences 472 374 86 223 146 135 454 630
Aligned length [bp] 706 1690 1222 1055 841 1033 5841 6547
No. of variable sites 638 1486 574 921 774 772 4527 5165
% variable 90.37 87.93 46.97 87.30 92.03 74.73 77.50 78.89

Fig. 1. Maximum likelihood (ML) bootstrap consensus phylogeny of Caryophyllaceae based on analyses of nrITS, matK, ndhF, trnL-trnF, trnQ-
rps16, and trnS-trnfM sequences. Un-circled numbers are ML bootstrap (BS) values. Circled numbers mark major nodes discussed in the text. 
Collapsed branches signify BS values < 50. A, Backbone phylogeny showing the position of each tribe of Harbaugh & al. (2010). Letters in pa-
rentheses show the assignment of each tribe to a traditionally recognized subfamily (A, Alsinoideae; C, Caryophylloideae; P, Paronychioideae). 
This tree points to figures that show detailed relationships within each clade.
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Fig. 2.  Maximum likelihood (ML) bootstrap consensus phylogeny of Caryophyllaceae continued from Fig. 1. 
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Fig. 3.  Maximum likelihood (ML) bootstrap consensus phylogeny of Caryophyllaceae continued from Fig. 1.
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Fig. 4. Maximum likelihood (ML) bootstrap consensus phylogeny of Caryophyllaceae continued from Fig. 1.
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these clades tends to be unresolved. However, in trnS-trnfM 
and matK, Alsineae and Arenarieae are sister to a clade con-
sisting of Sileneae and Caryophylleae, and Sclerantheae and 
Sagineae are sister to the clade containing all four of the pro-
ceeding clades. In ITS, the clade containing Sclerantheae and 
Sagineae is sister to Alsineae, and Arenarieae is a separate 
clade. Paronychieae are also resolved as a clade in all six gene 
trees. Resolution of backbone nodes is greatly reduced in the 
ITS tree (Fig. S6), and somewhat reduced in the chloroplast 
tree (Fig. S8), as compared to the full combined dataset. The 
reduced combined dataset was largely congruent with the full 
combined dataset (Fig. S7). Beyond support for small groups 
of species, relationships within the major numbered lineages 
are generally poorly resolved (Figs. 1–4). Additional molecular 
data, especially faster evolving markers, would likely increase 
within-lineage resolution. However, it is possible that hybrid-
ization is also contributing to poor resolution, as it has been 
detected in multiple Caryophyllaceae lineages (Chinnappa 
& al., 2005; Popp & Oxelman, 2007; Erixon & Oxelman, 2008; 
Rautenberg & al., 2008; Frajman & al., 2009; Balao & al., 2010).

Ancestral state reconstructions. — While ancestral states 
were reconstructed for all nodes in the tree (Figs. 5–6), we 
paid special attention to the numbered nodes in Fig. 1A. The 
earliest diverging nodes within Caryophyllaceae are inferred to 
have had stipulate leaves, apetalous flowers, few stamens, free 
sepals (no tubular calyx; Fig. 5), and single-seeded, indehiscent 
or irregularly rupturing utricles (Fig. 6). These character states 
persist through the backbone nodes with branches leading to 
the several clades containing species traditionally assigned 
to Paronychioideae. Node 5, which includes Alsinoideae and 
Caryophylloideae species is reconstructed as having exstipu-
late leaves, petals, many stamens, and multi-seeded, dehiscent 
capsules. The node at which the shift from free sepals to a 
tubular calyx occurs is less clear, as Eremogoneae (sister to 
Caryophylleae) have free sepals while Caryophylleae and Sile-
neae have a tubular calyx. It is possible that this shift occurred 
twice, once on the branch leading to Sileneae (node 13, Fig. 1A), 
and once on the branch leading to Caryophylleae (node 12, 
Fig. 1A). However, it is equally likely that this character was 
gained only once, on the branch leading to the Eremogoneae/
Caryophylleae/Sileneae clade (node 7, Fig. 1A), and then lost 
in Eremogoneae. Likelihood scores at these nodes are virtually 
equal for both character states. Shifts in fruit type, dehiscence, 
petal presence/absence, and the number of stamens are inferred 
to have occurred between nodes 3 and 4 (Figs. 5–7), while the 
shift from stipulate to exstipulate leaves is inferred between 
nodes 4 and 5, immediately subtending the large Alsinoideae/
Caryophylloideae clade (Figs. 5, 7).

Comparison of likelihood scores at each of the numbered 
nodes generally supports these results. The highest log likeli-
hood value for seed number at the root of Caryophyllaceae 
(node 1) indicates that the earliest members of this clade were 
single-seeded (> 3 lnL). The log likelihood value for the fruit 
type at the root indicates that a utricle is over 6 lnL higher than 
a capsule, and the log likelihood value for apetalous flowers is 
5 lnL higher than that of having petals. Log likelihood values 
at the root for the presence of stipules and the absence of the 

tubular calyx are over 12 lnL higher than the alternate states. 
The log likelihood values for indehiscent and irregularly rup-
turing fruits at the root are not significantly different from one 
another, but they are both almost 5 lnL higher than dehiscence. 
Log likelihoods for stamen number at the root are more am-
biguous. Log likelihood values for 3, 4, or 5 stamens are not 
significantly different from one another, but these values do 
differ significantly from higher stamen numbers.

Comparisons of likelihood scores at all other numbered 
nodes were also performed and support the ancestral state re-
constructions described above. We paid special attention to 
the base of the large Alsinoideae/Caryophylloideae clade (at 
node 5), the base of the majority of Alsinoideae (at node 6), and 
the base of the Eremogoneae/Caryophylleae/Sileneae clade (at 
node 7). Our results indicate that the first Alsinoideae/Caryo-
phylloideae had petals, 10 stamens, and dehiscent capsules 
with between 2 and 50 seeds. The ancestral species at this 
node lacked stipules and a tubular calyx. Ancestral Alsinoideae 
were similar, but our comparison of likelihood scores at this 
node cannot reject the hypothesis that ancestral Alsinoideae 
had fewer stamens. As discussed above, the tubular calyx is 
less clear. It may have evolved on the branch subtending the 
Eremogoneae/Caryophylleae/Sileneae clade, or independently 
on branches leading to Sileneae and Caryophylleae.

dIscussIon

Taxon sampling. — Algorithmic developments and com-
putational advances have encouraged the development of phy-
logenies with increasingly large numbers of tips (e.g., Sander-
son & al., 2008; Stamatakis & al., 2008; Goloboff & al., 2009; 
Smith & al., 2009). In turn, larger phylogenies have increased 
our ability to elucidate broad-scale evolutionary patterns (e.g., 
Moles & al., 2005; Smith & Donoghue, 2008; Smith & Beau-
lieu, 2009; Edwards & Smith, 2010; Goldberg & al., 2010). 
However, large size often does not equate with dense or pro-
portional taxon sampling (but see Pelser & al., 2007; Thomson 
& Shaffer, 2010). Indeed, the percentage of species covered by 
phylogenetic studies remains rather small for most angiosperm 
groups of substantial size. At the present time, for example, less 
than 20% of the species belonging to many major angiosperm 
clades are represented by any sequences in GenBank (Smith 
& al., 2011). Here, we have increased the density of sampling in 
Caryophyllaceae from ca. 6% in the latest molecular phyloge-
netic study (Harbaugh & al., 2010) to approximately 30% of the 
estimated 2200 species of Caryophyllaceae, which has allowed 
us to include not only representatives of the major genera, but 
also most of the smaller ones that have been recognized. While 
we have largely confirmed recent results, our data increase 
support for deep nodes within Caryophyllaceae and suggest 
a number of new relationships within and among the major 
lineages (see below). We hope that our attempt to proportion-
ally sample Caryophyllaceae taxonomy will provide a better 
basis for classification, but also for downstream comparative 
analyses of all kinds (e.g., of character evolution, diversification 
rates, biogeography).
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Phylogenetic relationships. — While Caryophyllaceae 
have traditionally been divided into three large subfamilies—
Alsinoideae, Caryophylloideae, and Paronychioideae (Chrtek 
& Slavikova 1987; Bittrich 1993b)—on the basis of morpho-
logical characters, it has been unclear to what extent these are 

supported or contradicted by molecular evidence (Smissen 
& al., 2002; Fior & al., 2006; Frajman & al., 2009; Harbaugh 
& al., 2010). However, based on evidence of the non-mono-
phyly of at least the Paronychioideae, Harbaugh & al. (2010) 
put forward an alternative tribal classification for the group. 

Fig. 5. Ancestral state reconstructions of morphological characters discussed in the text. Numbers represent the major nodes discussed in the text 
(see Fig. 1A). A, Stipules; B, calyx tube; C, petals; D, stamen number. While the analysis for stamen number included additional rare character 
states (1, 3, 4, and 8 stamens), the figure was simplified to include only 5 and 10 stamens. The following species/genera have one stamen: Cer-
dia; three stamens: Dicheranthus plocamoides; four stamens: Pteranthus dichotomus, Philippiella patagonica, Moenchia erecta, and Moenchia 
mantica; and eight stamens: Bufonia.
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Our results do not support the monophyly of any of the three 
traditional subfamilies within Caryophyllaceae. However, our 
results are strongly consistent with those of Harbaugh & al. 
(2010).

Our phylogenies (Figs. 1–4) suggest that: (1) subfamily 
Paronychioideae is a non-monophyletic grade of early diverging 
lineages; (2) subfamilies Alsinoideae and Caryophylloideae to-
gether form a clade; (3) Caryophylloideae is non-monophyletic 
as it includes a clade traditionally placed within Alsinoideae 
(Eremogoneae; Harbaugh & al., 2010); (4) most of the members 
of subfamily Alsinoideae form a clade, but Eremogoneae is 
included within Caryophylloideae, and Thylacospermum caes-
potosum, Minuartia geniculata, and a small clade of Pycno-
phyllum, are placed within the early diverging paronychiod 
lineages; and (5) none of the eight largest genera (Arenaria, 
Cerastium, Dianthus, Gypsophila, Minuartia, Paronychia, Si-
lene, Stellaria) appear to be strictly monophyletic.

Our results are generally consistent with the tribal classi-
fication of Harbaugh & al. (2010), although direct comparisons 
are difficult owing to our addition of many taxa. Also, because 
phylogenetic definitions (see Cantino & al., 2007) have not yet 
been provided for these taxa, we are unable to precisely specify 
their boundaries. Nevertheless, with only a few exceptions, our 
tree supports the monophyly of all of the tribes recognized by 
Harbaugh & al. (2010).

Eremogoneae, a small clade (100% BS) made up of Are-
naria subg. Eremogone and subg. Eremogoneastrum, and Min-
uartia subg. Spergella, is found in our analyses within Caryo-
phylloideae, as sister to Caryophylleae (containing Dianthus 
and Gyposphila). This renders both the traditional Alsinoideae 

and Caryophyllodieae non-monophyletic. Consistent results 
were obtained by Fior & al. (2006) and by Harbaugh & al. 
(2010). Indeed, Harbaugh & al. (2010) suggested based on their 
phylogenetic results, as well as on morphological features such 
as grass-like leaves, that the Arenaria species in this clade be 
included in a new tribe, Eremogoneae, and that Phlebanthia 

Fig. 7. A synthesis of major phylogenetic results and ancestral state re-
constructions, showing the traditionally recognized subfamilies and 
the newly named Plurcaryophyllaceae.

Fig. 6. Ancestral state reconstructions of morphological characters discussed in the text. Numbers represent major nodes discussed in the text 
(see Fig. 1A). A, Seed number; B, fruit type.
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be re-established as a genus to include the Minuartia species 
in this clade. Species in this clade have Northern Hemisphere 
distributions, with disjunctions between eastern Asia, western 
North America, and Europe and the Middle East.

For the Alsineae, Arenarieae, and Corrigioleae of Har-
baugh & al. (2010), we recover clades that correspond directly 
in terms of the genera that are represented. As a result of the in-
creased sampling in our analysis, additional species and genera 
are seen to be added within clades that otherwise correspond 
to Caryophylleae, Paronychieae, Sagineae, Sclerantheae, Poly-
carpaeae, and Sileneae. Bolbosaponaria and Psammosilene 
are included in Caryophylleae, while Polycarpaea and Philip-
piella are included in Paronychieae. Habrosia and Drypis are 
included in Sagineae along with a single species of Arenaria 
(A. fontinalis). Drypis, found in the eastern Mediterranean, 
has traditionally been placed in Caryophylloideae based on 
the presence of a tubular calyx. The base chromosome number 
in Drypis (x = 15) is also consistent with its placement within 
Caryophylloideae. However, it is noteworthy that it has usu-
ally been placed in a monogeneric tribe (Drypideae) based on 
its indehiscent fruits, spiny leaves, and zygomorphic flowers. 
Our analysis, along with previous analyses (Oxelman & Liden, 
1995; Fior & al., 2006; Harbaugh & al., 2010), indicates that 
Drypis should be removed from Caryophylloideae and included 
in Sagineae. Habrosia, a monotypic genus present in Iran, Iraq, 
and Syria, was placed sister to Drypis by Smissen & al. (2003), 
and Harbaugh & al. (2010) suggested that if they were indeed 
closely related, then they might be placed in their own tribe. 
However, although our results support the placement of the 
two genera in the same clade, the species are not sister to each 
other and therefore should simply remain in Sagineae. Arenaria 
fontinalis, a rare species endemic to Kentucky and Tennessee 
in the United States, has alternatively been placed in Sagina, 
Stellaria, and Spergula, but has characters such as 4-merous 
flowers that suggest that it belongs in either Sagina or Minuar-
tia (Rabeler & Hartman, 2005). Our results place this species 
within a clade of Minuartia and close to Sagina.

A group of four Stellaria species is included in Sclerantheae 
along with a single species of Spergularia (S. heldreichii; 75% 
BS). This represents a slight divergence from the results of Har-
baugh & al. (2010), in which all sampled Spergularia species 
were included in Sperguleae. The four Stellaria species found 
in Sclerantheae are found in western North America, Mexico, 
South America, or the Dominican Republic. Stellaria howar-
dii and S. minutifolia, both found in the Dominican Republic, 
also share 4-merous flowers and shallowly cleft petals with 
S. ovata, which is present in Mexico and mountainous South 
America (Maguire, 1958). While Stellaria obtusa, found in 
western North America, is less morphologically similar to these 
species, it does occupy moist wooded areas at relatively high 
elevations. These Stellaria species appear to be most closely 
related to species of Geocarpon, Minuartia, and Wilhelmsia, 
which are also present mainly in such habitats in the Western 
Hemisphere.

A number of small genera including Cerdia (4 spp.), 
Pteranthus (1 sp.), Cardionema (6 spp.), Scopulophila (1 sp.), 
Achyronychia (2 spp.), Illecebrum (1 sp.), and Sphaerocoma 

(2 spp.) are found within Polycarpaeae, along with the other 
small genera (Dicheranthus, 1 sp.; Loeflingia, 7 spp.; Ortegia, 
1 sp.) included in this tribe by Harbaugh & al. (2010). Several 
larger genera, including Drymaria, Polycarpon, and Pycno-
phyllum, are also included in Polycarpaeae, but relationships 
between the smaller genera and the larger groups remain un-
clear. Increased sampling of the larger genera might help to 
clarify relationships within this clade. The placement of Pyc-
nophyllum, traditionally included in Alsinoideae, within Poly-
carpaeae (traditionally a Paronychioideae lineage) is supported 
by Harbaugh & al. (2010), and by morphological evidence. 
While all other Alsinoideae species have nectar glands at the 
abaxial base of the episepalous stamens, Pycnophyllum species 
do not. These species do have connate styles, a character not 
present within other Alsinoideae species but commonly found 
in traditional Paronychioideae. In addition, Pycnophyllum has 
tricolpate pollen, which is common in Paronychioideae, while 
Alsinoideae species have pantoporate pollen (Bittrich, 1993b). 
A number of smaller genera are also placed within Sileneae, 
including Oberna, Atocion, Uebelinia, Viscaria, Eudianthe, 
and Heliosperma.

Thylacospermum caespitosum, which was placed within 
Eremogoneae by Harbaugh & al. (2010), is found to be nested 
within Sperguleae (100% BS) in our tree. This is surprising 
given that T. caespitosum shares a high-elevation, rocky habi-
tat, a perennial life history, white flowers, and a woody base 
with many Eremogoneae species (in contrast to the lower-
elevation, coastal habitats, annual life history, and pink flow-
ers of other Sperguleae species; Lu & al., 2001; Conti, 2003; 
Rabeler & Hartman, 2005). We note, however, that this species 
is represented by a single gene region (matK) in both studies, 
and we therefore consider its placement to be uncertain. Minu-
artia geniculata, also found nested in Sperguleae, is the only 
Minuartia species found within one of the four early diverging 
(Paronychioideae) lineages in our tree. This species is strik-
ingly similar to other species within Sperguleae. It, like many 
Spergularia species, has pink flowers, and is found in coastal 
environments in the Mediterranean region. It also has tricol-
pate pollen instead of the pantoporate pollen found in the rest 
of Minuartia (Jackson, 1933; Candau, 1978; Bittrich, 1993b; 
Rabeler & Hartman, 2005). In fact, the only clades without 
pantoporate pollen that have traditionally been placed within 
Alsinoideae or Caryophylloideae are Minuartia subg. Rhod-
alsine (which includes M. geniculata) and Pycnophyllum (see 
above; Bittrich, 1993b), both of which we place within early 
diverging lineages.

The phylogenetic placement of the tribes in our analysis 
is also generally consistent with that of Harbaugh & al. (2010). 
The four earliest diverging clades (Corrigioleae, 99% BS; 
Paronychieae, 100% BS; Polycarpaeae, 67% BS; Sperguleae, 
51% BS) diverge in the same order as they do in Harbaugh 
& al. (2010), and the remaining seven tribes also comprise a 
large clade (61% BS). In both of our analyses, and in previous 
studies, Sagineae and Sclerantheae are directly linked (86% 
BS), as are Alsineae and Arenarieae (87% BS), and Sileneae, 
Caryophylleae, and Eremogone together form a clade (96% 
BS). However, our results suggest some alternative placements 
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for these clades. Harbaugh & al. (2010) found that the clade 
containing Sagineae and Sclerantheae is sister to a clade con-
taining Alsineae, Arenarieae, Sileneae, Eremogoneae, and 
Caryophylleae, while our results suggest that Sileneae, Er-
emogoneae, and Caryophylleae (96% BS) are sister (61% BS) 
to a clade containing Sagineae plus Sclerantheae and Alsineae 
plus Arenarieae (59% BS). While our support values are gen-
erally lower than those of Harbaugh & al. (2010), this is to 
be expected, as bootstrap values tend to decline with larger 
datasets and increased amounts of missing data. However, 
despite lower bootstrap values, large datasets have been shown 
to reflect the previously well-supported clades of smaller data-
sets (Sanderson, 2007; Sanderson & al., 2010), as is generally 
the case here.

While our results do generally support the tribal delimi-
tations of Harbaugh & al. (2010), the monophyly of the major 
genera is not well supported. Similar results have been obtained 
in previous analyses (Fior & al., 2006; Frajman & al., 2009; 
Harbaugh & al., 2010). Multiple genera including Lychnis, Ato-
cion, Viscaria, Eudianthe, and Heliosperma are sometimes 
included in Silene. Oxelman & al. (2000) suggested that Eudi-
anthe be restored as a genus and that Viscaria, Heliosperma, 
and Atocion should also be recognized as genera. While these 
genera tend to form well-supported clades within Sileneae and 
have been previously recognized as clades (Greuter, 1995), the 
relationships between these clades and Silene remain unclear, 
and it is still possible that they are nested within Silene.

Dianthus would be non-monophyletic if Velezia were rec-
ognized as a separate genus. A recent study of the European 
radiation of Dianthus also supported the inclusion of Vele-
zia within this genus (Valente & al., 2010), as did Harbaugh 
& al. (2010). While the majority of the Gypsophila species 
form a clade, Gypsophila in its entirety appears to be non-
monophyletic; Vaccaria, a small genus of one to four species 
that is thought to be closely related to Saponaria (Bittrich, 
1993b), is found nested within Gypsophila, and a small clade 
of Saponaria is sister to the Gypsophila/Vaccaria clade. Gyp-
sophila, Vaccaria, and Saponaria have similar distributions 
that include temperate Eurasia, the Mediterranean, and the 
Irano-Turanean region. There are also four Gypsophila spe-
cies present outside of the main Gypsophila clade. These spe-
cies are interspersed with Petrorhagia in a grade subtending 
Dianthus.

While a few species of Stellaria appear in Sclerantheae, 
the majority form a clade within Alsineae; however, when all 
of the species are considered, Stellaria is non-monophyletic, 
and forms a grade subtending Cerastium, a few species of 
Arenaria, and the smaller genera Pseudostellaria, Holosteum, 
Moenchia, Myosoton, Plettkea, and Lepyrodiclis. Cerastium 
forms a clade nested within Stellaria. While the majority 
of the Arenaria species form a clade within Arenarieae, it 
is noteworthy that species of Arenaria appear scattered 
throughout the tree (as described above), making this group 
non-monophyletic. Minuartia species appear in Sclerantheae, 
Sagineae, Sperguleae, and Eremogoneae, and are non-mono-
phyletic. While all of the Paronychia species appear within 
one of the early diverging lineages, two species (P. kapela, 

P. chlorothyrsa) are outside of the main Paronychia clade, be-
ing closer to Hernaria and Phillppiella. The Hawaiian lineage, 
Schiedea, is monophyletic within Sclerantheae, nested within 
a clade that contains a number of small genera and most of the 
species of Minuartia.

It is not entirely surprising that the large genera do not 
appear to be strictly monophyletic. Circumscription of these 
groups has been inconsistent (Oxelman & Liden, 1995; Oxel-
man & al., 2000, 2002), with the recognition in some treat-
ments of many small, segregate genera. Likewise, there has 
been limited attention to whether the character states that mark 
these genera are apomorphic, or to the possibility of morpho-
logical homoplasy. However, we also cannot entirely rule out 
the possibility in some cases that misidentified species and/or 
missing data have contributed to the apparent incongruence 
with traditional generic delimitations. Misidentifications, if 
they exist, often persist in GenBank and can be incorporated 
into multiple studies, giving a false impression of independent 
support. Indeed, it is worrisome that sequences of several of 
the species that seem out of place (e.g., Velezia regida in Dian-
thus; Allochrusa versicolor in Gypsophila; Plettkea cryptantha 
and Myosoton aquaticum in Stellaria) in our analyses were 
obtained from GenBank. We hope that our analyses will stimu-
late experts in these groups to evaluate the identity of the 
voucher specimens, and that special efforts will be made to 
generate new sequences for these controversial species. It is 
also possible that biases are introduced by the fact that some 
of the species in the dataset are represented by just one of the 
gene regions, and these might tend to cluster with one another. 
Again, we hope that our analyses will stimulate additional 
sequencing efforts.

Another possibility is that hybridization, which has been 
extensively detected within major lineages of Caryophylla-
ceae (Chinnappa & al., 2005; Popp & Oxelman, 2007; Erixon 
& Oxelman, 2008; Rautenberg & al., 2008; Frajman & al., 
2009; Balao & al., 2010), could be contributing to the finding 
of non-monophyly in some cases. Although our ITS and chlo-
roplast trees were largely congruent with one another and with 
the combined dataset, the position of Eremogoneae in the matK 
phylogeny was incongruent with that in the ITS, combined, 
and chloroplast trees. As noted above, tribe Eremogoneae is 
sister to Caryophylleae in all analyses except matK, where it is 
sister to Sileneae. In addition, the clade descending from node 
10 (including Sagineae and Sclerantheae), which is sister to the 
clade descending from node 11 (Alsineae and Arenarieae) in 
the combined and chloroplast analyses, is sister to Alsineae in 
the ITS tree (Figs. S1–S8). These results could be attributed to 
ancient hybridization events, which would be consistent with 
the extensive polyploidy found within major lineages such as 
Arenaria, Dianthus, Cerastium, Silene, and Stellaria (Bittrich, 
1993b). However, we note that much of the documented hybrid-
ization within Caryophyllaceae occurs within genera, and this 
within-lineage hybridization may help to explain the lack of 
resolution within clades such as Silene, Cerastium, and Dian-
thus. Other factors, such as lineage sorting or horizontal gene 
transfer, cannot yet be dismissed (Rautenberg & al., 2008; Kim 
& Donoghue, 2008).
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Missing data may also play a role in the observed incongru-
encies. Although 302 species in our dataset are represented by 
both ITS and at least one chloroplast marker, the other 352 spe-
cies are represented by only ITS or by only chloroplast genes. 
While the combined dataset proportionally represents all major 
groups within Caryophyllaceae, for historical reasons the ITS 
and chloroplast datasets emphasize different sets of species. 
For example, many Silene species are represented only by ITS, 
while many Cerastium species are represented only by chloro-
plast markers. To explore the effects of such missing data, we 
also inferred a tree using only the 302 species represented by 
both ITS and chloroplast data. This dataset generated generally 
higher support values, especially along the backbone of the 
tree. We note that the topology of this “reduced” tree is very 
similar to both the full combined tree and the chloroplast tree.

Despite the evident non-monophyly of the major genera, 
it is important to appreciate that our results do support the fol-
lowing relationships among the clades formed by the majority 
of the species in each genus. Paronychia is found, along with 
smaller genera such as Hernaria and Philippiella, in Paronych-
ieae. Within Caryophylleae, the majority of Dianthus, along 
with several smaller groups, form a clade that is sister to a clade 
including the majority of Gypsophila. Caryophylleae are, in 
turn, sister to Sileneae, which contain all of the Silene species 
and several small segregate genera. Within Alsineae, Ceras-
tium forms a clade nested within several lineages that include 
the majority of Stellaria species. Tribe Alsineae is linked with 
Arenarieae, which include a clade containing most of the spe-
cies of Moehringia, a clade including most of Arenaria, and 
a smaller clade including some species of both genera. Scler-
antheae are linked with Sagineae, with species of Minuartia 
appearing in both of these clades.

Character evolution. — We inferred ancestral states 
for several taxonomically important morphological charac-
ters, paying special attention to the numbered nodes that are 
deeply nested within the tree (Figs. 5–6). Paronychioideae are 
traditionally characterized by the presence of stipules, and 
prominent stipules are present in all species of Corrigioleae, 
Paronychieae, and Polycarpaeae, and in the majority of species 
in Sperguleae. Our analyses strongly confirm that Paronychoi-
deae are paraphyletic and that stipules are ancestral within 
Caryophyllaceae. The earliest nodes in the tree (nodes 1–4 in 
Figs. 1A, 7) are all reconstructed as having stipules, and this 
result is supported by comparisons of likelihood scores, with 
the presence of stipules being at least 8 lnL higher than the 
alternative character state at nodes 1, 2, and 3. The situation at 
node 4 is less clear, where there is not a significant difference in 
likelihood scores. Stipules were either lost at this node and then 
regained within some Sperguleae, or they were lost along the 
branch leading to node 5 and also in some Sperguleae. We note 
that stipules are absent in Amaranthaceae, Achatocarpaceae, 
and other outgroups, so it is likely that they arose along the 
branch leading to Carophyllaceae (node 1; Figs. 1A, 7).

Subfamily Caryophylloideae has traditionally been de-
limited by the presence of a tubular calyx and jointed/clawed 
petals. As Eremogoneae (containing species with free sepals) 
are nested within the traditional Caryophylloideae in our 

analyses, it appears that the tubular calyx either evolved twice 
(once along the branch subtending Sileaneae, and once along 
the branch subtending Caryophylloideae) or that it evolved 
only once and was lost in Eremogoneae. Clearly, this needs 
to be investigated carefully, including from a developmental 
standpoint. In the meantime, we note that in examining the 
individual gene trees (Figs. S1–S6) we find little support for 
Caryophyllodieae monophyly; that is, a direct link between 
Caryophylleae and Sileneae, exclusive of Eremogoneae. How-
ever, neither do we see strong support for a Caryophylleae-
Eremogoneae clade. In fact, matK instead provides support 
for a direct link between Eremogoneae and Sileneae. In any 
case, it is likely that the tubular calyx evolved independently 
in Drypis within Sagineae.

Although they have not been used to differentiate the tra-
ditional subfamilies, we also reconstructed ancestral states for 
fruit type, petal presence/absence, fruit dehiscence, stamen 
number, and seed number (Figs. 5–6). Overall, our results 
suggest a general trend along the backbone of Caryophyllaceae 
(Fig. 7). Our results imply that the first species of Caryophylla-
ceae had small apetalous flowers with few stamens and single-
seeded indehiscent or irregularly dehiscing utricles. These 
characters are similar to those found in both Amaranthaceae 
and Achatocarpaceae, which suggests that they arose before 
the branch leading to Caryophyllaceae. More nested lineages 
(nodes 4–8 in Fig. 1A) have larger flowers with frequently 
notched or bifid petals, 10 stamens, and multi-seeded, regu-
larly dehiscing capsules. The shift from the ancestral to the 
derived condition of each of these characters is inferred to 
have occurred along the branch between nodes 3 and 4 (Fig. 7). 
These results are generally strongly supported by the compari-
son of likelihood scores. As noted above, our ancestral state 
reconstruction indicates that ancestral Caryophyllaceae had 
five stamens, but the lnL values for 3, 4, or 5 stamens are not 
significantly different. However, we can conclude that there 
was an increase in stamen number within Caryophyllaceae. It 
is particularly interesting that stamen number increases from 5 
to 10 in nested lineages, evidently correlated with the acquisi-
tion of petals. As petals within Caryophyllales generally ap-
pear to be derived from stamens (Ronse de Craene, 2007), we 
might have expected the opposite; that is, the loss of stamens 
with the gain of petals. This clearly warrants further study. 
Stamen number in the outgroups ranges from 5 to 10 to 20, 
although Amaranthaceae generally have 5 stamens, consistent 
with early Caryophyllaceae (Townsend, 1993).

Classification. — The results presented here begin to 
provide the basis for a revised higher-level classification of 
Caryophyllaceae. Although the need for several major changes 
is now clear, including the abandonment of the paraphyletic 
Paronychioideae, we believe that a comprehensive new treat-
ment must await clarification on several fronts. Specifically, 
it will be important to further test the placement of the many 
small genera among the larger genera, and to resolve the in-
stances of conflict between nuclear and chloroplast genes 
noted above.

In the meantime, we believe that work on Caryophyllaceae 
phylogeny and evolution will be well served by the naming of 
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one major new clade that has been identified in our study and 
in several previous analyses (Fior & al., 2006; Harbaugh & al., 
2010). Specifically, we are referring to the clade descending 
from node 4 (Fig. 7) that includes Sperguleae (mostly contain-
ing former members of Paronychiodeae) and the remainder 
of Caryophyllaceae (including Alsinoideae and Caryophyl-
loideae). As shown in Fig. 7, and as discussed above, this well 
supported clade cuts directly across the traditional subfamily 
boundaries, and therefore seems especially important to flag. 
As we have emphasized, this clade is well-marked by clear-cut 
apomorphies, including the presence of petals, 10 stamens, and 
capsule fruits (Fig. 7). We here provide the name Plurcaryo-
phyllaceae for this clade, and, for clarity, also provide a formal 
phylogenetic definition following the conventions in Cantino 
& al. (2007).

Plurcaryophyllaceae A.K. Greenberg & M.J. Donoghue, new 
clade name.
Comments on name. – There is no preexisting scientific 

name for this clade. The new name Plurcaryophyllaceae is 
proposed because this clade contains the majority of Caryo-
phyllaceae species. “Plur-” means majority or most.

Definition (node-based). – The least inclusive clade con-
taining Spergularia rubra (L.) J. Presl & C. Presl 1819 and 
Silene nutans L. 1753.

Reference phylogeny. – This paper. See also Harbaugh 
& al. (2010) and Fior & al. (2006).

Composition. – Traditional Alisnoideae and Caryophyl-
loideae of the Caryophyllaceae (tribes Alsineae, Arenarieae, 
Caryophylleae, Eremogoneae, Sagineae, Sclerantheae, and Si-
leneae of Harbaugh & al., 2010) plus Sperguleae (sensu Har-
bough & al., 2010).

Synapomorphies.– Presence of petals, 10 stamens, and 
capsule fruits (see above, Fig. 7).

Synonymy. – None.
We are certain that it will eventually be useful to formally 

name several other major clades in Fig. 7, including Caryophyl-
laceae itself. Specifically, it may soon become helpful to name 
the clade eminating from node 5, which includes Alsinoideae 
and Caryophylloideae. This clade is marked by the loss of stip-
ules and, it appears, by a shift in pollen morphology from tricol-
pate to pantoporate (Candau, 1978; Bittrich 1993b). However, 
we note that at the present time this clade is not as strongly 
supported as Plurcaryophyllaceae, nor as clearly marked by 
derived morphological character states.
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