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Abstract

Crabs of the infra-order Brachyura are one of the most diverse groups of crustaceans with approximately 7,000 described
species in 98 families, occurring in marine, freshwater, and terrestrial habitats. The relationships among the brachyuran

families are poorly understood due to the high morphological complexity of the group. Here, we reconstruct the most

comprehensive phylogeny of Brachyura to date using sequence data of six nuclear protein-coding genes and two mito-

chondrial rRNA genes from more than 140 species belonging to 58 families. The gene tree confirms that the

“Podotremata,” are paraphyletic. Within the monophyletic Eubrachyura, the reciprocal monophyly of the two subsec-

tions, Heterotremata and Thoracotremata, is supported. Monophyly of many superfamilies, however, is not recovered,

indicating the prevalence of morphological convergence and the need for further taxonomic studies. Freshwater crabs

were derived early in the evolution of Eubrachyura and are shown to have at least two independent origins. Bayesian
relaxed molecular methods estimate that freshwater crabs separated from their closest marine sister taxa ~135Ma, that

is, after the break up of Pangaea (~200Ma) and that a Gondwanan origin of these freshwater representatives is unten-

able. Most extant families and superfamilies arose during the late Cretaceous and early Tertiary.

Key words: molecular phylogeny, freshwater crabs, Podotremata, Heterotremata, Thoracotremata, Gondwana.

Introduction

Crabs of the infra-order Brachyura are among the most di-
verse groups of crustaceans with over 7,000 described species
in 98 families, occurring in marine, freshwater, and terrestrial
habitats (Ng et al. 2008; De Grave et al. 2009; Ahyong et al.
2011). The relationships among the brachyuran families are
poorly understood, however, due to the high morphological
diversity of the group. Guinot (1977, 1978, 1979) divided
Brachyura into three sections according to the gonopore po-
sitions: Podotremata, Heterotremata, and Thoracotremata.
Podotremata is considered to be primitive in retaining various
presumably ancestral characteristics, whereas the sections
Heterotremata and Thoracotremata together form the
Eubrachyura with the latter section being the most derived.

The monophyly of Podotremata is, however, contentious,
being justified on the basis of possibly pleisomorphic charac-
ters (Scholtz and McLay 2009). Ahyong et al. (2007) falsified
the monophyly of Podotremata based on a molecular phylo-
genetic analysis of nuclear 18S gene sequences and proposed
a split of the former Podotremata into three sections:
Dromiacea, Raninoida, and Cyclodorippoida. This view cor-
roborates results from recent morphological analysis (Scholtz
and McLay 2009) and was adopted in recent classifications of

brachyuran crabs (De Grave et al. 2009; Ahyong et al. 2011;
Karasawa et al. 2011; Števčić 2011).

On the other hand, the Eubrachyura are accepted as
monophyletic (von Sternberg and Cumberlidge 2001a,
2001b; Ng et al. 2008; but see Brösing et al. 2007).
Within Eubrachyura, however, the relationship between
Heterotremata and Thoracotremata is unclear, chiefly
whether the two sections are reciprocally monophyletic
or whether Thoracotremata is derived from within
Heterotremata, which effectively synonymises them under
the Eubrachyura (Scholtz and Richter 1995, von Sternberg
and Cumberlidge 2001a, 2001b; Dixon et al. 2003; Brösing
et al. 2007). Within Heterotremata, the origins of the various
families of exclusively freshwater crabs are one of the most
contentious issues.

Freshwater crabs live exclusively in freshwater or terres-
trial habitats and never enter brackish or marine waters for
reproduction (Cumberlidge and Ng 2009). They all undergo
direct development and complete their life cycle in freshwa-
ter (Ng et al. 2008; Yeo et al. 2008; Cumberlidge and Ng
2009). More than 1,300 species are known with addi-
tional species being regularly discovered (reviewed in Yeo
et al. 2008; Cumberlidge and Ng 2009). Five families
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(Pseudothelphusidae, Potamonautidae, Potamidae,
Gecarcinucidae, and Trichodactylidae) are exclusively com-
posed of freshwater species, the primary freshwater crabs
(Ng et al. 2008; Yeo et al. 2008; Cumberlidge and Ng 2009;
Klaus et al. 2009). The systematics of the primary freshwater
crabs have received more attention recently due to their high
diversity and conservation value (e.g., Daniels et al. 2006;
Cumberlidge et al. 2008; Yeo et al. 2008; Cumberlidge and
Ng 2009; Cumberlidge et al. 2009; Klaus et al. 2009, 2010).
Although alpha level interrelationships are comparatively well
resolved, the higher systematics of freshwater crabs is still un-
stable. The five families are generally considered to comprise
two distinct lineages: the South American Trichodactylidae
and a possibly monophyletic assemblage consisting of the
other four families distributed almost worldwide. Some mor-
phological characters point to a close affinity between
Trichodactylidae and Portunoidea (Rodriguez 1992; von
Sternberg et al. 1999; von Sternberg and Cumberlidge
2003), but this relationship is not supported by recent mo-
lecular analyses (Schubart and Reuschel 2009). The position of
the other lineage is even more disputed. They are usually
considered to be heterotremes (Martin and Davis 2001; Ng
et al. 2008; De Grave et al. 2009; Ahyong et al. 2011), but some
authors argue that they share a number of synapomorphies
with thoracotremes (von Sternberg et al. 1999; von Sternberg
and Cumberlidge 2001a, 2001b). A morphological cladistic
analysis further suggested that Thoracotremata may consti-
tute the marine sister group of the nontrichodactylid fresh-
water crabs and that the two groups possibly originated from
xanthoid-like progenitors (von Sternberg et al. 1999). In ad-
dition, given the circumtropical distribution of the nontricho-
dactylid freshwater crabs, a single evolutionary origin would
imply that the diversification and radiation of the group pre-
dated the break up of Gondwana (~184Ma) or even Pangaea
(~200Ma) (Ng and Rodriguez 1995; Ng et al. 1995). Under
this scenario, subsequent cladogenesis would have tracked
tectonic events as a result of the split of Gondwana. This
phylogenetic hypothesis, however, requires an ancient
origin of freshwater crabs and the remaining Eubrachyura,
which the fossil record does not support (earliest fossil of
freshwater crabs dated <30Ma; Feldmann et al. 2007, see
Klaus et al. 2011 for a review). In sum, the origin of the
primary freshwater crabs, status of eubrachyuran sections
and interrelationships of the heterotremes, remains
obscure—resolution requires a comprehensive phylogenetic
framework.

Comprehensive morphological phylogenetic analysis of
Brachyura is hampered by the large number of seemingly
highly derived characters and extreme diversity of the
group, whereas molecular phylogenetic studies of Brachyura
have been restricted to particular subsets of taxa and small
internal clades (Schubart, Cuesta, et al. 2000; Kitaura et al.
2002; Daniels et al. 2006; Schubart et al. 2006; Hultgren and
Stachowicz 2008; Palacios-Theil et al. 2009; Schubart and
Reuschel 2009; Sin et al. 2009; Wetzer et al. 2009; Lai et al.
2011). A comprehensive study of the overall phylogeny of
Brachyura and the relationships among superfamilies and/
or subsections is still lacking. Here, we attempt to construct

a comprehensive phylogenetic framework of the

Brachyura using sequences from six nuclear protein-coding

genes and two mitochondrial rRNA genes. In particular, we

aim to determine the following: 1) whether Podotremata,

Heterotremata, and Thoracotremata are natural groups; 2)

the origin and sister group of the freshwater crabs; and 3) the

phylogenetic relationships and the divergence times of the

major superfamilies and families.

Results

Phylogenetic Analyses

The combined data set consisted of 3,912 bp from eight gene

fragments. Analyses under maximum likelihood (ML) and

Bayesian inference (BI) of the combined data set resulted in

topologies without conflicting nodes of strong support (here

defined as ML bootstrap [BP]>70 or BI posterior probability

[PP] >0.95). Hence, we present the nodal supports obtained

from the two analyses together on the BI topology (fig. 1).

Brachyura is strongly supported as monophyletic (fig. 1A) in
relation to the included Anomura, corroborating the results

of previous studies (Scholtz and Richter 1995; Dixon et al.

2003; Ahyong and O’Meally 2004; Porter et al. 2005;

Ahyong et al. 2007; Tsang et al. 2008; Bracken et al. 2009,

2010). The former Podotremata (currently Dromiacea,

Raninoida, and Cyclodorippoida) is paraphyletic, corroborat-

ing Ahyong et al. (2007). All the four sections proposed

by Ahyong et al. (2007) and used in De Grave et al.

(2009), namely Dromiacea, Raninoida, Cyclodorippoida, and

Eubrachyura, are monophyletic. The Dromiacea repre-

sents the earliest diverging brachyuran lineage, while

Cyclodorippoida forms a clade with Raninoida and the two

together appear to be sister to Eubrachyura, but with low

nodal support for these arrangements. This is consistent

with the recent molecular (Ahyong et al. 2007) and morpho-

logical (Scholtz and McLay 2009) evidence. Moreover,

the reciprocal monophyly of the two subsections of the

Eubrachyura, Heterotremata, and Thoracotremata, is recov-

ered with strong nodal support (fig. 1B and C).
Most families with multiple exemplars included are mono-

phyletic except for Homolidae, Xanthidae, Menippidae,

Epialtidae, and Majidae (fig. 1B and C). Homolidae and

Xanthidae are paraphyletic, because of the inclusion of

Latreilliidae and Panopeidae, respectively. Epialtidae and

Majidae are polyphyletic in their present composition, with

genera from the two families intermingling. The alternative a

priori hypotheses for themonophyly of these families was not

supported by the approximately unbiased (AU) test

(P< 0.05), with the exception of Homolidae (P=0.094) and
Menippidae (P=0.104). In contrast to the families, the status

of most superfamilies was problematic. Calappoidea,

Eriphioidea, Goneplacoidea, Ocypodoidea, and Grapsoidea

are all found to be polyphyletic whereas Potamoidea is

paraphyletic with respect to Gecarcinucoidea. The AU

test strongly rejected the monophyly of Eriphioidea,

Goneplacoidea, Ocypodoidea, and Grapsoidea (P< 0.01),

but not Calappoidea (P=0.444) and Potamoidea
(P=0.205). Dromioidea, Homoloidea, Dorippoidea,
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FIG. 1. Bayesian topology from a combined data set (3,912 bp from eight genes) analysis for the phylogenetic relationships among major brachyuran

sections/subsections (A) and species (B and C). The color of the branches is encoded for the sections/subsections classification, with the exception of the

true freshwater crabs belonging to Heterotremata denoted by light blue. The branches strongly supported by both BI (PP� 0.95) and ML (BP� 70) are

indicated by black asterisks above, while those receiving strong support from one of the analyses are indicated by gray asterisks in (B) and (C). The family

classification of the species based on Ng et al. (2008) and De Grave et al. (2009) are indicated on the right.
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Majoidea, Pilumnoidea, Portunoidea, and Xanthoidea are
recovered as monophyletic.

The three Old World freshwater crab families
(Gecarcinucidae, Potamidae, and Potamonautidae) form a
monophyletic assemblage, but not as sister of the New

World Pseudothelphusidae. The two clades represent
“early offshoots” of the Heterotremata and together form a
paraphyletic grade with respect to the remaining
heterotremes (fig. 1A). However, the AU test could not
reject an alternative hypothesis of monophyly of the

FIG. 1. (continued).
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Gecarcinucidae + Potamidae + Potamonautidae + Pseud-

othelphusidae clade (P=0.217) and the four families form a
clade in the maximum clade credibility tree generated from

BEAST (fig. 2A). Trichodactylidae is distantly related to the
other freshwater crabs and surprisingly aligned with the
wholly marine Orithyiidae with strong nodal support

(fig. 1B) and hence the monophyletic origin of all primary
freshwater crabs was rejected by the AU test (P< 0.001).

Divergence Time Estimation and Lineage-Through-
Time Plot

The BEAST analysis implies that the age of Brachyura is over

180Ma, dating back to at least the early Jurassic (fig. 2A). The
divergence of the sections/subsections (Dromiacea,

Raninoida, Cyclodorippoida, Heterotremata, and
Thoracotremata) would have occurred in the late Jurassic
to early Cretaceous (~135–170Ma). The origins of the

major freshwater crab families, Gecarcinucidae, Potamidae,
Potamonautidae, and Pseudothelphusidae are ancient, deriv-

ing from the early Cretaceous (~125Ma; 95% credibility in-
terval = 113–140Ma). Most of the extant families and

superfamilies arose during the late Cretaceous to early
Tertiary. The lineage-through-time (LTT) plot revealed that
Brachyura exhibited a fairly constant rate of diversification in

its history (fig. 2B). There was deceleration in diversification as
indicated by the negative g value (�4.17; P< 0.0001).

However, this value was not significantly higher than the
critical value simulated (� 11.9; P=1), suggesting the appar-
ent decline in diversification rate might be an artifact of in-

complete taxon sampling.

Discussion

In this study, we have attempted to construct a phylogeny of
Brachyura based on an extensive data set, both in terms of

taxon sampling and number of molecular markers employed.
Despite poorly resolved internal relationships within
Eubrachyura, the topology provides important new insights

into the evolution and systematics of Brachyura.

Higher Systematics and Tempo of Diversification in
Brachyura

Our combined gene tree provides the first molecular evi-
dence to provide strong support for the reciprocal mono-

phyly of the extant Heterotremata and Thoracotremata
(early indications in Schubart, Neigel, et al. 2000). The vari-

ous freshwater crabs, despite sharing many characters
with the thoracotremes, are shown to clearly align with
Heterotremata rather than Thoracotremata. The monophyly

of Heterotremata had been challenged by morphological cla-
distic analyses (Scholtz and Richter 1995, von Sternberg and

Cumberlidge 2001a, 2001b; Dixon et al. 2003; Brösing et al.
2007). From their perspective, the two subsections represent

two extremes with a series of transitional forms (Magalhães
and Türkay 1996; von Sternberg and Cumberlidge 2001b).
The two subsections are, indeed, characterized by two distinct

morphological types, coxal male sexual apertures and sternal
male sexual apertures, with no intermediate form known

amongst extant taxa (von Sternberg and Cumberlidge

2001b). Coxal apertures are plesiomorphic, whereas the ster-

nal apertures characterizing the thoracotremes are apo-

morphic. Therefore, the reciprocal monophyly of the two

subsections here recovered suggests that the common ances-

tor of thoracotremes and heterotremes had coxal male aper-

tures, with sternal condition evolving along the stemline to

the Thoracotremata (see fig. 2). The exact relationships

remain unknown, because Heterotremata is the most spe-

ciose of the two sections, and many heterotreme groups still

need to be incorporated, among which could be the sister

group to the Thoracotremata. The earliest known fossils of

Brachyura, represented predominantly by Dromiacea, dated

from the late Jurassic (reviewed in Brösing 2008; Karasawa

et al. 2011), which is highly concordant with the hypothesis

of late Jurassic to early Cretaceous origins of the brachyuran

sections/subsections revealed by our molecular phylogeny

and Bayesian relaxedmolecular clock divergence time estima-

tion. The earliest fossil identified as an anomuran dates from

the Triassic (Chablais et al. 2011), indicating that Brachyura, as

the sister group to Anomura, would also have been present

by that time. Furthermore, our gene tree shows that the

majority of extant brachyuran lineages originated during

the late Cretaceous and throughout the Tertiary. This is

highly consistent with the postulation thatmost heterotreme

groups had undergone a significant post-Cretaceous radiation

(Schram 1986; Schweitzer and Feldmann 2005; Brösing 2008).

Origin and Phylogenetic Position of Freshwater Crabs

The freshwater crabs have long been regarded as an excellent

model for biogeographic studies owing to their circumtropi-

cal distribution, extraordinary species diversity, and high level

of endemism (Ortmann 1902; Ng and Rodrı́guez 1995; Daniels

et al. 2006; Klaus et al. 2009, 2010, 2011; Shih et al. 2009).

Accordingly, the monophyly of the group is highly relevant

to our understanding of the evolution of other freshwater

groups and related biogeographic inferences of regional diver-

gence events (e.g., Shih et al. 2009; Klaus et al. 2010). Although

Trichodactylidae is generally regarded as an independent lin-

eage, the phylogenetic connections between the other three

OldWorld families, Gecarcinucidae and Potamidae in Eurasia,

and Potamonautidae in the Afrotropical region, and New

World Pseudothelphusidae, are more contentious. The

major challenge in testing their monophyly is the unequivocal

identification of their respective marine sister group (if the

Old World families and Pseudothelphusidae form a mono-

phylum) or sister groups if Pseudothelphusidae had an inde-

pendent origin from the Old World families. Moreover, the

tempo of their divergence is no less controversial as their

phylogenetic placement. Some authors have postulated the

origin of freshwater crabs may exceed 120Ma (Ng and

Rodriguez 1995; Ng et al. 1995). Yet, this hypothesis would

imply that the diversification of these freshwater crabs prob-

ably predates the radiation of Heterotremata (based on

known fossils), or that Brachyura as a whole is much more

ancient than previously thought (see Klaus et al. 2011). The

oldest fossil freshwater crabs known so far are relatively

1177

Evolutionary History of True Crabs . doi:10.1093/molbev/msu068 MBE
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
b
e
/a

rtic
le

/3
1
/5

/1
1
7
3
/9

9
6
8
5
5
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2

mya
 to 
mya
mya
-
mya
-
-
e present
In 
 of 
b
the 
Whereas, 
mya


FIG. 2. (A) Maximum clade credibility tree based on 3,912 base pairs from eight genes showing divergence time estimates using BEAST. Fossil calibration

points are indicated by “C,” respectively. Only the family names are shown for ease of reference and the colour of the family name denotes the section/

subsection grouping as in figure 1A. Please refer to supplementary figure S1 (Supplementary Material online) for a complete list of taxa and estimated

nodal ages. Each interval between two yellow vertical lines represents 50 My with geological periods shown at the bottom. Blue nodal bars correspond

to the 95% highest posterior density regions. The illustrations at the right show representatives of some common crab families analyzed.

(B) Semilogarithmic LTT plots of 1,000 chronograms sampled from BEAST analyses. The solid line represents the mean value and the broken lines

denote 5% and 95% CIs.
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recent, dating back to the Late Oligocene (Tanzanonautes
tuerkai from Potamonautidae; Feldmann et al. 2007).
Heterotremata has probably undergone a post-Cretaceous
radiation (Schram 1986) and hence it was suspected that
the freshwater crabs diversified at approximately 30�65Ma
(Klaus et al. 2011). In a review of the present phylogenetic and
paleontological evidence for the origin of freshwater crabs,
Klaus et al. (2011) noted the huge discrepancies between the
times estimated based on fossils of freshwater and marine
brachyurans and rejected the hypothesis of Gondwanan
origin of the group based on the existing evidence.

In our present molecular phylogenetic hypothesis, the
Old World Potamoidea sensu lato (i.e., Potamidae,
Gecarcinucidae, and Potamonautidae, see Klaus et al. 2009)
and the New World Pseudothelphusidae were the earliest
diverged lineages within Heterotremata, forming a paraphy-
letic grade with respect to the remaining heterotremes.
Trichodactylidae appears to be the sister of the marine
Orithyiidae, and may be distantly related to other freshwater
crabs (albeit with low nodal support for its position). This
suggests that there are at least two independent origins of the
extant primary freshwater crabs, and the invasion of freshwa-
ter habitats by the marine ancestors mostly occurred early in
eubrachyuran evolution. This excludes some Sesarmidae,
which invaded fresh waters and achieved independence
from the sea much more recently, see Schubart et al.
(1998); and someHymenosomatidae and Varunidae that nor-
mally live in freshwater but tolerate brackish water and ex-
hibit short distance dispersal in the sea. Furthermore, some of
the difficulties in previous studies of primary freshwater crab
phylogeny are probably related to the fact that the nontri-
chodactylid freshwater crabs were derived early in the his-
tory of the heterotremes, during the initial radiation of
Eubrachyura. This makes it unlikely that their sister group
could be narrowed to any particular extant family clade,
but rather is composed of the clade containing almost all
nonfreshwater heterotremes. Hence, the phylogenetic posi-
tion of freshwater crabs could not be determined without
extensive sampling from the heterotremes as in this study.
However, given that the freshwater crabs consist of 1,300+
extant species, the number of species analyzed in this study
remains relatively small. Whether the nontrichodactylid fresh-
water crabs are monophyletic or polyphyletic requires further
testing with broader taxon coverage. The current level of
topological resolution and robustness among the hetero-
tremes is generally low, and focused future analyses restricted
to Heterotremata or perhaps Eubrachyura are required. An
important corollary of the identification of the freshwater
clades as basal or near basal heterotremes is a formal identi-
fication of these clades as the appropriate outgroups for
further phylogenetic analyses of Heterotremata.

Divergence time estimates have greatly pushed back the
origins of the primary freshwater crabs to the early Cretaceous
(~130Ma; 95% credibility interval = 127–151Ma). It is widely
acknowledged that the freshwater habitats of these crabs do
not provide optimal conditions for fossil preservation, so the
minimal fossil record is not surprising. If our estimated diver-
gence time is close to reality, the divergence time of

nontrichodactylid freshwater crabs would clearly postdate

the break up of Pangaea (~200Ma). A divergence time of

over 200Ma is one of the presumed prerequisites for the

monophyletic origin of all the nontrichodactylid freshwater

crabs considering their distribution on all continents except

Antarctica and assuming that they diverged after becoming

independent of the marine habitat. However, recent phylo-

genetic evidence strongly supports transoceanic dispersal in

freshwater crabs. The monophyletic Seychellum originated

from a single colonization event of the Seychelles from the

Africa (Daniels 2011). Klaus et al. (2013) recently reported a

single out-of-Borneo event, crossing the Wallace Line by the

Sundaic freshwater crabs. Therefore, transoceanic dispersals

across marine barriers are probably not impossible and may

account for aspects of the modern distribution of primary

freshwater crabs. If our divergence time estimation of a split

between New and Old World nontrichodactylid freshwater

crabs is approximately correct at ~125Ma, then it might sug-

gest that either the extant New or OldWorld freshwater crab

families were derived from a single transoceanic dispersal

across the relatively narrow marine barrier between conti-

nents during the early stage of breakup of Gondwana. This

hypothesis requires further testing with broader taxon cover-

age from the freshwater crabs and divergence time estimation

based on additional fossil evidence. As noted by other au-

thors, the choice of marine and/or freshwater crab fossils as

calibration points has a major effect on the divergence time

estimates. To reduce bias and uncertainties, dating the diver-

gence of brachyurans within a complete decapod phylogeny

by incorporatingmolecular data from the same set ofmarkers

(Tsang et al. 2008, 2011; Chu et al. 2009; Ma et al. 2009; Tsang,

Chan, Cheung, et al. 2009) and multiple calibration points

from other fossil-rich decapod infra-orders (e.g., lobsters)

would be a potential solution. For instance, Porter et al.

(2005) placed the common ancestor of the heterotremes at

approximately 240Ma, based on a molecular phylogeny of all

decapod infra-orders and multiple fossil calibrations using

various decapods. In such a scenario, the divergence of fresh-

water crabs, as an early offshoot from heterotremes, would

predate 200Ma, that is, the Pangaea breakup. In any case, the

divergence of freshwater crabs apparently occurred in much

more ancient times than expected and a more objective di-

vergence time estimation based on comprehensive dated

decapod phylogeny in the future could provide us a more

robust estimate of the origin of the group.
Most of the molecular phylogenetic studies of primary

freshwater crabs revealed strong biogeographic correlations

(Daniels et al. 2006; Klaus et al. 2009; Shih et al. 2009; but

see Klaus et al. 2010). Our combined gene tree suggests that

the Potamidae is more closely related to Gecarcinucidae

than to Potamonautidae. The range of Potamidae and

Gecarcinucidae overlaps to a large extent in the Asian

region, whereas Potamonautidae is restricted to the

Afrotropical area. This supports the proposal of Klaus et al.

(2009) and other recent studies (e.g., von Sternberg and

Cumberlidge 2001a; Klaus et al. 2006) to perhaps place all

Old World freshwater crabs within a single superfamily,
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Potamoidea. We herewith put forward this taxonomy once

again.

Implications for the Superfamilial and Familial
Classification

The taxonomy of Brachyura has been revised and refined
continuously in recent years based on studies of adult and
larval morphology, molecular evidence, and spermatozoal

structure (reviewed in Ng et al. 2008). Unfortunately, the
lack of a well-supported phylogenetic framework hampers
the identification of synapomorphies and the inference of
phylogenetic relationships among families and genera.
Therefore, many controversies remain to be settled. From

our inferred gene tree, we evaluate the validity of recent
changes in brachyuran systematics.

Dromiacea

Our inferred topology is largely congruent with previous
molecular work by Ahyong et al. (2007) in revealing
“Podotremata” as paraphyletic, with Raninidae and
Cyclodorippidae more closely related to Eubrachyura than

the other podotremes. The monophyly of Podotremata has
long been contentious and there is strong evidence from
morphological studies arguing for the paraphyly of the
group (Brösing et al. 2007; Scholtz and McLay 2009). In the
most recent comprehensive classification of extant bra-

chyuran species, Ng et al. (2008) provisionally retain the use
of Podotremata, but in a subsequent updated classification of
all Decapoda genera, De Grave et al. (2009) and subsequent
authors (Ahyong et al. 2011) follow Ahyong et al. (2007) in

not using the name Podotremata, and instead recognizing the
three sections, Dromiacea, Raninoida, and Cyclodorippoida
(see, however, discussion in van Bakel et al. 2012). In our
previous study, using two of the nuclear protein-coding
genes used herein, the podotreme exemplars formed a

weakly supported clade (Tsang et al. 2008). In that study,
however, the number of podotremes analyzed was small,
and did not include Cyclodorippidae. Our phylogeny based
on expanded taxon and genetic sampling supports the iden-

tity of the three sections, instead of a single Podotremata.
Within the Dromiacea, the familial relationships inferred in

this study are highly concordant with the nuclear 18S topol-
ogy of Ahyong et al. (2007). Dromiidae and Homolidae are
shown to be paraphyletic with the incursion of Dynomenidae
and Latreilliidae, respectively, in the 18S gene tree (Ahyong

et al. 2007). We recover the monophyly of Dromiidae with
strong statistical support. We could not, however, obtain se-
quences from Hypoconcha, the earliest diverged dromiid in
the topology of Ahyong et al. (2007).

Xanthoidea Sensu Lato

The composition and taxonomy of Xanthoidea has been re-
vised substantially over the years (Serène 1984; Števčić 2005;

Karasawa and Schweitzer 2006; Ng et al. 2008). Many families,
including Carpiliidae, Eriphiidae, Goneplacidae, Hexapodidae,
Menippidae, Pilumnidae, and Trapeziidae, were placed in the
Xanthoidea until recently (Martin and Davis 2001; Števčić

2005; Karasawa and Schweitzer 2006) and have since been

elevated and/or removed to other superfamilies (Ng et al.

2008; De Grave et al. 2009). Our results find most of these

families forming a large clade with moderate nodal support.
This provides the first molecular indication for a possible

affinity of the families formerly included in Xanthoidea

sensu lato. Xanthoidea sensu stricto currently comprises

Xanthidae, Panopeidae, and Pseudorhombilidae. We have
included the first two families in this study and showed

that they form a strongly supported clade. Panopeidae, how-

ever, is nested within the xanthids, corroborating previous

molecular results (Lai et al. 2011).
Considering the validity of the newly raised superfamilies, a

monophyletic Pilumnoidea is recovered. The monophyly of

Eriphioidea and Goneplacoidea is not supported, with exem-

plars analyzed widely dispersed in the tree. The monophyly of
Goneplacoidea is uncertain and the relationships among its

constituent families remain poorly understood (Ng et al.

2008). Therefore, our gene tree generally supports the reap-

praisal of most of the superfamilies proposed by Ng et al.
(2008), but it is clear that further refinement is needed.

Majoidea

Comprising more than 800 extant species, majoids are a

diverse group of brachyurans (Ng et al. 2008; De Grave

et al. 2009). Although the monophyly of the group as a
whole is generally accepted (reviewed in Ng et al. 2008;

but see Brösing et al. 2007; Guinot 2011), the phylogenetic

patterns within the group remain to be examined in detail,

and existing family and superfamily classifications are highly
problematic. Guinot (2011) argues that Hymenosomatidae

is not affiliated with Majoidea and recognized a separate

superfamily for these small crabs. Our results corroborate

the monophyly of Majoidea, supporting the terminal moult
and highly abbreviated larval development as synapomor-

phies of the group. However, the monophyly of the majority

of the majoid families is not recovered, with many being

polyphyletic (see also Hultgren and Stachowicz 2008;
Hultgren et al. 2009). This suggests that morphological syn-

apomorphies supporting majoid clades are not congruent

with traditionally used taxonomic characters. Significantly

more effort is required to identify the natural groups
within Majoidea and recognize their synapomorphies. On

the other hand, the larval characters appear to be more

congruent with the molecular phylogeny (Hultgren and

Stachowicz 2008; Hultgren et al. 2009). Given the diversity
of the majoids, there is no doubt that more extensive anal-

yses, in particular of the Indo-Pacific genera, are needed to

progress knowledge of the evolution of the spider crabs.

Grapsoidea and Ocypodoidea

Schubart, Cuesta, et al. (2000) presented the first molecular

phylogeny of Grapsoidea based on North American species.

The mitochondrial 16S rRNA gene tree revealed that

Gecarcinidae was closely related to the former grapsid sub-
families Grapsinae, Plagusiinae, Sesarminae, and Varuninae, so

that they should be treated at the same taxonomic rank (i.e.,
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family level). Together with Gecarcinidae and the newly de-
scribed Glyptograpsidae they were considered full families by
Schubart et al. (2002) and tentatively kept within Grapsoidea.
This was followed by Martin and Davis (2001) in their classi-
fication of Crustacea. Moreover, these authors included
Mictyridae, which had been considered part of Grapsoidea
(see Bowman and Abele 1982), in the superfamily
Ocypodoidea. Martin and Davis (2001) still maintained
a large and diverse family Ocypodidae with four
subfamilies viz. Dotillinae, Heloeciinae, Macrophthalminae,

and Ocypodinae. This classification was challenged by subse-
quent molecular phylogenetic studies (Kitaura et al. 2002;
Schubart et al. 2006). Despite minor differences in the ar-
rangements of some clades, their topologies consistently
show that both Ocypodoidea and Grapsoidea are polyphy-
letic and some constituent families/subfamilies intermingle.
Based on the evidence of all these gene trees, Schubart et al.
(2006) argued against the traditional use of the Grapsoidea
and Ocypodoidea as monophyletic superfamilies and treated
the constituent families separately. Ng et al. (2008), however,

Table 1. Primer Sequences Used for PCR Amplification, Annealing Temperature Used, and Their Sources.

Primer Sequence (50 to 30) Annealing Temperature

Used (�C)

Source

AK 60

AK for a-1 CTC CCC TST TTG AYC CCA TCA T Tsang et al. (2011)

AK for a-2 ACC CCA TCA TTG AGG AYT AYC A Tsang et al. (2011)

AK for b ATA GAC GAC CAC TTC CTS TTC AA Tsang et al. (2011)

AK rev 1 TGG AAC TCA GTC AGA CCC ATR CG Tsang et al. (2011)

AK rev 2 CCG CCC TCA GCC TCR GTG TGY TC Tsang et al. (2011)

AK rev 3 ATA CCG TCC TGC ATY TCY TT This study

Enolase 52–54

Enol EA1 CAG CAA TCA ATG TCA TCA AYG GWG G Tsang et al. (2011)

Enol EA2 AGT TGG CTA TGC AGG ART TYA TGA T Tsang et al. (2011)

Enol ES1 ACT TGG TCA AAT GGR TCY TCA AT Tsang et al. (2011)

Enol ES2 ACC TGG TCG AAT GGR TCY TC Tsang et al. (2011)

H3 55

H3 AF ATG GCT CGT ACC AAG CAG ACV GC Colgan et al. (1998)

H3 AR ATA TCC TTR GGC ATR ATR GTG AC Colgan et al. (1998)

GAPDH 51–54

GAPDH F2 ATG AAG CCA GAA AAC ATT CCA TGG Tsang et al. (2011)

GAPDH GA ATG GTG TAT ATG TTC AAG TAY GAY TC Tsang et al. (2011)

GAPDH R GAA TAG CCT AAC TCG TTG TCR TAC CA Tsang et al. (2011)

GAPDH GR TCG CTA GAT ACA ACA TCA TCY TCR GT Tsang et al. (2011)

GAPDH GR2 GTG AAG TCA CAG GAG ACA ACA TCR TCY TC This study

PEPCK 60

PEPCK for GTA GGT GAC GAC ATT GCY TGG ATG AA Tsang et al. (2008)

PEPCK for2 GCA AGA CCA ACC TGG CCA TGA TGA C Tsang et al. (2008)

PEPCK rev GAA CCA GTT GAC GTG GAA GAT C Tsang et al. (2008)

PEPCK rev3 CGG GYC TCC ATG CTS AGC CAR TG Tsang et al. (2008)

NaK 57–60

NaK for-a GTG TTC CTC ATT GGT ATC ATT GT Tsang et al. (2008)

NaK for-b ATG ACA GTT GCT CAT ATG TGG TT Tsang et al. (2008)

NaK rev ACC TTG ATA CCA GCA GAT CGG CAC TTG GC Tsang et al. (2008)

NaK rev2 ATA GGG TGA TCT CCA GTR ACC AT Tsang et al. (2008)

NaK rev3 GGA GGR TCA ATC ATR GAC AT This study

16S 48–52

AR CGC CTG TTT ATC AAA AAC AT Simon et al. (1994)

SF GAC CGT GCT AAG GTA GCA TAA TC This study

SR CCG GTC TGA ACT CAA ATC GTG Tsang, Chan, Shih, et al. (2009)

BR CCG GTC TGA ACT CAG ATC ACG T Simon et al. (1994)

1472 AGA TAG AAA CCA ACC TGG Crandall and Fitzpatrick (1996)

12S 48–52

FB GTG CCA GCA GCT GCG GTT A Tsang, Chan, Shih, et al. (2009)

ai AAA CTA GGA TTA GAT ACC CTA TTA T Simon et al. (1994)

bi AAG AGC GGG CGA TGT GT Simon et al. (1994)

R2 CCT ACT TTG TTA CGA CTT ATC TC Tsang, Chan, Shih, et al. (2009)
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maintained the superfamilies in their classification, but

gave full family ranking to the former subfamilies of

Ocypodidae.
Our study confirms the results of previous mtDNA analy-

ses that the two superfamilies are polyphyletic in their

current composition. Some groupings revealed by Kitaura
et al. (2002) and Schubart et al. (2006), for example,

Varunidae + Macrophthalmidae, are recovered in the pre-

sent tree with strong support, suggesting an overall congru-
ence of the topology from molecular analyses using different

types of molecular markers. Moreover, recent 16S studies

showed that Asthenognathinae is closely related to
Varunidae rather than a pinnotherid as previously thought

(Palacios-Theil et al. 2009), while Cryptochiridae may be a

close ally of the Grapsidae (Wetzer et al. 2009). The varunid
affinities of asthenognathids and some pinnotherids have also

been supported by recent morphological studies (Naruse and
Clark 2009; Komai 2011; Komai and Konishi 2012). These

findings further challenge the validity of Ocypodoidea and

Grapsoidea. At present, however, the interfamilial relation-
ships are not sufficiently resolved to navigate changes

in the overall classification. Therefore, further studies with

more comprehensive taxon sampling are essential to obtain
a well resolved, robust phylogeny for a consensus on the

evolutionary history and taxonomy of Thoracotremata.

Materials and Methods

Taxon Sampling

The Brachyura currently comprise 98 extant families in 37

superfamilies (Ng et al. 2008; De Grave et al. 2009; Ahyong

et al. 2011). We attempted to sample extensively from differ-
ent families and genera to resolve the familial and superfami-

lial relationships with a total of 142 species from 58 families

and 30 superfamilies, representing almost 60% of the ex-
tant brachyuran families and ~80% of the superfamilies,

and including all four sections (supplementary table S1,
Supplementary Material online). We therefore decided to an-

alyzemultiple genera from taxonomically diverse families (e.g.,

Majidae, Xanthidae). To evaluate the origin and phylogenetic
position of freshwater crabs, we included multiple exemplars

from all five families. Anomura is widely acknowledged as the

sister group of Brachyura, together forming the Meiura
(Scholtz and Richter 1995; Dixon et al. 2003; Ahyong and

O’Meally 2004; Tsang et al. 2008). Six anomuran species
were included to test for the monophyly of Brachyura and

two members from the Gebiidea were used as outgroups.

Sequence Collection

Total genomic DNA was extracted from pereiopod tissue of

the target species using the commercial QIAamp Tissue Kit
(QIAGEN). Six nuclear protein-coding genes, arginine kinase
(AK), enolase, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), histone 3 (H3), sodium–potassium ATPase
�-subunit (NaK), and phosphoenolpyruvate carboxykinase
(PEPCK), that were previously applied to higher level deca-

pod phylogeny (Tsang et al. 2008,; Chu et al. 2009; Ma et al.
2009; Tsang, Chan, Cheung, et al. 2009; Tsang et al. 2011),

were analyzed. The mitochondrial large (16S) and small sub-
unit (12S) ribosomal RNA genes were also sequenced, result-

ing in a concatenated data set of segments from eight genes.
The amplifications were conducted in a reaction mix con-

taining 1�5ml of template DNA, 1� polymerase chain re-
action (PCR) reaction buffer, 3�6mM MgCl2, 200 nM of

each primer, 200mM deoxynucleotide triphosphates
(dNTPs), 1.5 U Taq polymerase (TaKaRa), and ddH2O to a

total volume of 50ml. The PCR profiles followed standard
procedures that were described in previous literature
(Colgan et al. 1998; Schubart et al. 2006; Tsang et al. 2008,

2011). The primers for individual gene regions and their
sources and annealing temperatures utilized are listed in

table 1. The successful PCR amplicons were then purified
using the QIAquick gel purification kit (QIAGEN) according

to manufacturer’s instructions. Sequencing reactions were
carried out using the same sets of primers and the ABI Big-

dye Ready-Reaction mix kit, following the standard cycle
sequencing protocol. The products were analyzed using an

Applied Biosystems (ABI) 3700 automated sequencer.

Phylogenetic Analyses

Sequences were aligned using MUSCLE (Edgar 2004) with
default parameters and confirmed by translating into
amino acid sequences for the protein-coding genes. The

total data set was analyzed using ML and BI. The data were
first partitioned by genes as the markers have different geno-

mic locations and possibly mutation constraints. We further
used PartitionFinder v1.0.1 (Lanfear et al. 2012) to determine

the best partitioning strategy for the six protein-coding genes
according to the Bayesian information criterion recom-

mended by the authors. Splitting into two partitions, first
+ second codons and third codon position, were adopted

for five genes (AK, enolase,GADPH,NaK, and PEPCK), whereas
the three codon positions ofH3 gene were analyzed as a single
partition. Hence, the final data set was divided into a total of
13 partitions and the best-fit models of nucleotide substitu-
tion for each partition (table 2), selected by jModeltest

(Posada 2008), were used in ML and BI analyses. The ML
analysis was implemented with RAxML 7.0.3 (Stamatakis

Table 2. Best-Fit Nucleotide Substitution Model for Individual

Partitions as Selected by jModelTest 0.1.

Partition Model

AK12 SYM + I + G

AK3 SYM + I + G

enolase12 K80 + I + G

enolase3 SYM + I + G

GAPDH12 SYM + I + G

GAPDH3 SYM + I + G

NaK12 K80 + I + G

NaK3 SYM + I + G

PEPCK12 SYM + I + G

PEPCK3 K80 + I + G

H3 K80 + I + G

16S GTR + I + G

12S HKY + I + G
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2006). The model GTRGAMMAI was used for the individual

partitions, with individual-shape parameters, GTR-rates and

base frequencies estimated and optimized for each partition.

We conducted 1,000 bootstrap runs and searched for the

best-scoring ML tree. Bayesian analysis was conducted using

MrBayes v.3.21 (Ronquist et al. 2012). Two independent runs

were carried out with four differentially heated Metropolis

coupled Monte Carlo Markov Chains for 20,000,000 genera-

tions started from a random tree. Model parameters were

estimated during the analysis. Chains were sampled every

2,000 generations. Convergence of the analyses was validated

by the standard deviation of split frequencies (<0.01) and

monitoring the likelihood values over time, graphically using

Tracer v1.4 (Rambaut and Drummond 2007). All trees gen-

erated prior to the achievement of stationarity of the log

likelihood values (5,000 trees) were discarded as burn-in. A

50% majority-rule consensus tree was constructed from the

remaining trees to estimate PPs.
Alternative phylogenetic hypotheses from previous mor-

phological and molecular studies were statistically tested

using the likelihood-based AU test (Shimodaira 2002). The

null hypothesis for all topology testing was that there was no

difference between trees. The alternative topologies were in-

ferred and optimized using RAxML with a prior phylogenetic

hypothesis set as constraint. Subsequently, the per-site log

likelihood values of individual sites for the trees were esti-

mated with the same software and the confidence values of

the tree topology were calculated by CONSEL (Shimodaira

and Hasegawa 2001) with 1,000 BP replicates to obtain

P values of the testing topology.

Divergence Time Estimation

WeusedBEASTv1.7.5 (Drummondet al. 2012) to estimate the

divergence time of lineages using the uncorrelated relaxed

clock proposed by Drummond et al. (2006) which allows the

evolutionary rate to vary among branches. There are a number

of brachyuran crab fossils with a reasonably broad taxonomic

coverage (Schram1986; Schweitzer andFeldman2005; Brösing

2008; De Grave et al. 2009; Schweitzer et al. 2010). We have

incorporated 20 fossils that represent the oldest known oc-

currences of clades that could be assigned with high confi-

dence (table 3). We calibrated with the most recent common

ancestor of the corresponding clades and followed the recom-

mendations by Parham et al. (2012) in justifying fossil place-

ment (either stem or crown nodes) according to the

apomorphies shared among fossil and extant taxa or results

of phylogenetic analyses whenever available (see supplemen-

tarymaterial S1, SupplementaryMaterial online, for discussion

of individual fossils). We set constraints so that the divergence

timeof the clade is under a log-normal prior distribution of the

age of the fossil, as the actual divergence event ismost likely to

have occurred sometime prior to the earliest appearance of

the respective fossil (Drummond et al. 2006; Ho 2007). We

used a Yule prior with a log-normal distribution for the rate of

speciation. The data set was partitioned as in the BI and ML

analyses to allow independent substitution rates and base

frequencies. The BEAST analyses were first run with eight

randomly selected fossil calibrations using UPGMA starting

tree, with 50 million generations and a sample frequency of

5,000 generations. The first 5,000 trees were discarded as burn-

in and a maximum clade credibility tree was produced by
TreeAnnotator v1.7.5. Subsequently, we ran the BEAST analy-

ses with full set of fossil calibrations (20 in total) using the

chronogram produced in the first BEAST run as a starting
tree to fulfill the topological and temporal constraints of the

fossil calibrations. Two independent runswereperformedwith

200 million generations and a sample frequency of 10,000
generations. The first 10,000 trees were discarded as burn-in

and the results of the two runs were combined using the

LogCombiner v1.7.5. Convergence was assessed by trace plot
in Tracer and the effective sampling size for all parameters was

more than 200. The maximum clade credibility tree showing

the mean nodal height was generated by TreeAnnotator
v1.7.5. The final analyses were also run without data to

ensure the prior settings will not bias the results.

Rate of Diversification

The tempo and rate of diversification was evaluated using an

LTT plot. The LTT plot was generated based on the last 1,000

trees sampled in the BEAST analysis using the R package
phytools (Revell 2012). The outgroups were pruned and the

mean LTT curve was computed as well as the 95% confidence

intervals (CIs). To test whether the rate of diversification has
declined through time, we used the gamma (g) statistic of

Pybus and Harvey (2000) and accounted for the effect of

incomplete taxon sampling using their Monte Carlo constant
rate test as implemented in the LASER package version 2.2

(Rabosky 2006). In brief, a g statistic from the empirical chro-

nogram generated from BEAST with outgroups removed was

calculated. Then 1,000 trees were simulated using the default
pure-birth parameters of the birth-death model and contain-

ing the actual number of brachyuran species known (6,599

species; De Grave et al. 2009). The resulting trees were ran-
domly pruned down to 143 terminals (the number of ingroup

taxa analyzed) and hence a distribution of g under pure birth

process with 143 out of 6,599 extant species sampled were
simulated to obtain an appropriate critical value of g statistic

(Pybus and Harvey 2000).

Supplementary Material

Supplementary material S1, figure S1, and table S1 are avail-

able at Molecular Biology and Evolution online (http://www.

mbe.oxfordjournals.org/).
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Stevčić Z. 2005. The reclassification of brachyuran crabs (Crustacea:
Decapoda: Brachyura). Fauna Croatica 14:1–150.
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