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We have assessed for the first time the phylogenetic relationships and biogeographic history of the crabs
of the genus Maja that inhabit European coasts: M. brachydactyla, M. crispata, M. goltziana and M. squina-
do. Using mitochondrial markers, we have recovered a well-resolved phylogenetic tree that supports a
single origin for the European species, most likely from an Indo-West Pacific ancestor during the Early
Miocene. In this phylogeny, M. goltziana appears as the basal European species, with a sister lineage bifur-
cating into an Eastern Atlantic (M. brachydactyla) and a Mediterranean (M. crispata and M. squinado) clade.
We propose the Tethyan Seaway as the initial colonization route, although an entrance through South
Africa cannot be discounted. The Eastern Atlantic/Mediterranean split seems to predate the Messinian
salinity crisis, which, in turn, could have promoted the recent divergence within the Mediterranean. In
addition, Pleistocene glaciations could explain the current diversity in the Eastern Atlantic Ocean, where
a unique mitochondrial lineage is found. According to this, the genetic profile of South African crabs

appears to belong to M. brachydactyla, questioning the validity of the putative species M. capensis.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Among the true crabs (Decapoda, Brachyura), the spider crabs
(Majoidea) are one of the most diverse groups, with over 800 spe-
cies (see Ng et al., 2008). The monophyly of this group, currently
classified as superfamily, is broadly accepted, but its internal rela-
tionships are not well-understood (see Hultgren and Stachowicz,
2008; Mahon and Neigel, 2008; Ng et al., 2008). Majoid classifica-
tion has been largely based on larval and adult morphology, which
may be subject of widespread convergent evolution due to the
adaptive radiation of different lineages into similar ecological
niches (Hultgren and Stachowicz, 2008). According to the paleon-
tological record, majoids probably arose during the last wave of
the brachyuran radiation in the Early Eocene, about 50 million
years ago (mya) (Spears et al., 1992), although molecular dating
suggests a rather older origin in the Late Permian about 250 mya
(Porter et al., 2005).

The type genus of spider crabs is Maja Lamarck, 1801 (Stevcic,
2005), included in the family Majidae and comprising around 19
extant species (Ng et al., 2008). This genus is mainly distributed
in the Indo-West Pacific region (Griffin and Tranter, 1986; Neu-
mann, 1996), considered the center of brachyuran diversity (Ng
et al.,, 2008). Outside this region, 4 species have been described
along the European coasts (Neumann, 1998): M. brachydactyla
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Balss, 1922; M. crispata Risso, 1827; M. goltziana D’Oliveira, 1888;
and M. squinado (Herbst, 1788). Within the European group, the
wide morphological variability has also complicated the identifica-
tion and classification. M. brachydactyla and M. squinado are the
most similar species. They reach the largest body sizes (exceeding
20 cm in carapace length) and are found from subtidal areas to
about 50 m of depth. M. brachydactyla is restricted to the Eastern
Atlantic, from the British Islands to Senegal, while M. squinado
inhabits the Mediterranean (Neumann, 1998; Sotelo et al,,
2008b). M. crispata and M. goltziana have been recorded in the
Atlantic, from Portugal to the Gulf of Guinea, and across the Med-
iterranean (Neumann, 1996); however, M. crispata is seldom found
outside the Mediterranean (Carmona-Suarez, 2003), while M. gol-
tziana is rare in both basins (Soppelsa et al., 2005). M. goltziana at-
tains intermediate sizes and is found in deeper habitats (to 300 m)
(Lelli et al., 2007). M. crispata is the smallest species and lives in
shallow littoral waters (less than 15 m). An open taxonomic ques-
tion is the identity of the purported Maja taxa from Senegal down
to South Africa. Although the scarce specimens analyzed from this
region showed some character overlap with M. brachydactyla, they
were provisionally assigned to a different (putative) species, M.
capensis Ortmann, 1894, while waiting for additional material to
contrast this decision (Neumann, 1998).

In Europe, all these species are important members of the coast-
al fauna from an ecological perspective and also as economic re-
sources, especially M. brachydactyla and M. squinado, which are
extensively exploited by European fisheries. While morphology
(Guerao et al., 2008; Neumann, 1996, 1998), reproduction and
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some behavior traits are fairly well described for most of these spe-
cies (e.g., Carmona-Suarez, 2003; Corgos and Freire, 2006; Fiirbock
and Patzner, 2005; Garcia-Flérez and Fernandez-Rueda, 2000), ge-
netic data are limited to the identification and population structure
description of M. brachydactyla (Sotelo et al., 2008a,b). Despite that
“It is only through a full appreciation of morphological and genetic
diversity, and why this has come about, that we can hope to suc-
cessfully manage, maintain and conserve healthy ecosystems”
(Ng et al., 2008), nothing is known so far about the historical bio-
geography of the genus Maja, neither in the Eastern Atlantic-Med-
iterranean nor in the Indo-West Pacific regions. The few Maja
sequences available have been included in phylogenetic studies
of higher taxa such as decapods (Porter et al., 2005) or majoids
in general (Hultgren and Stachowicz, 2008), but a phylogenetic
study of this genus has never been attempted before.

Here, we focus on the Eastern Atlantic and Mediterranean spe-
cies with the aim of reconstruct their phylogenetic relationships
and temporal diversification. To do so, we use two mitochondrial
fragments (partial COI and 16S genes) and incorporate three cong-
eners from the Indian Ocean: M. japonica Rathbun, 1932, M. komi-
natoensis Kubo, 1936 and M. spinigera (De Haan, 1837). The main
questions we are interested to solve are: Do European species have
a single origin? Are they a basal lineage within Maja or are instead
derived from an Indo-West Pacific ancestor? When and how did
they reach and spread into the Eastern Atlantic and Mediterranean
basins?

2. Materials and methods

The analysis included seven Maja species (Table 1): the four
European, M. brachydactyla, M. crispata, M. goltziana and M. squina-
do; and three from the Indian Ocean, M. japonica, M. kominatoensis
and M. spinigera; plus two dubious specimens from South Africa
putatively identified as M. squinado and M. capensis (hereafter re-
ferred to as M. sp. SA1 and M. sp. SA2, respectively). Schizophrys as-
pera, another spider crab of the family Majidae widespread across
the whole Indo-West Pacific, was used as outgroup. Several sam-
ples of M. brachydactyla, M. crispata and M. squinado were available,
but for the remaining species we only could obtain one individual,
as we were largely limited by suitable museum material (Table 1).
For M. brachydactyla, M. crispata and M. squinado, we selected one
representative individual carrying the most common COI-16S hap-
lotype for each species (Sotelo et al., 2008b).

Genomic DNA was extracted from muscle tissue preserved in
pure ethanol, using the NucleoSpin Tissue kit (Macherey-Nagel)
according to the manufacturer’s instructions. We amplified two
mitochondrial fragments: 709 bp of the COI gene using LCO1490
and HCO2198 primers (Folmer et al., 1994); and 668-674 bp of
the 16S gene using 16129 and 16HLeu (Schubart, 2009). PCRs were

Table 1
Taxon sampling. Species names and site of collection, according to the indicated
references.

Reference

Sotelo et al. (2008b)?
ZRC 2005.0014°

This study

Sotelo et al. (2008b)
Sotelo et al. (2008b)
This study

Species Location

Maja brachydactyla
Maja sp. SA1
Maja sp. SA2

Cadiz (Southern Iberian Peninsula)
Port Elizabeth (South Africa)
Southern South Africa

Maja squinado Capraia Island

Maja crispata Greece

Maja goltziana Sicily

Maja japonica Singapore ZRC 1995.311

Maja spinigera Taiwan ZRC 2001.0057

Maja kominatoensis  Philippines AURORA 2007 CC2743
Schizophrys aspera  Taiwan ZRC 2001.0068

¢ JCB 28(1): 76-81, 2008.
b Zoological Reference Collection, Raffles Museum, Singapore (catalog number).

carried out in a final volume of 20 pl, containing 1 pl of DNA
extraction, 2 pl of 10x PCR buffer (160 mM (NH,4),SO4, 670 mM
Tris-HCI, pH 8.8, 0.1% Tween 20), 1 pl of 50 mM MgCl,, 1 pl of
0.1% BSA (Amersham Life Science), 1 pl of 10 mM dNTP Mix (Ap-
plied Biosystems), 0.5 pl of each primer (20 uM), 0.2 pul BIOTAQ
polymerase (5 U/pl, Bioline) and 13 pl of sterile bidistilled water.
PCR profiles were as follows: 5 min at 95 °C, 35 cycles of 20s at
95°C, 30 s at 42 °C, 30s at 72 °C, and 7 min at 72 °C for COI; and
5 min at 95 °C, 35 cycles of 20 s at 95 °C, 30 s at 50-55°C, 30's at
72°C and 7 min at 72 °C for 16S. For verification, PCR products
were run in 2% agarose gels stained with ethidium bromide. Both
fragments were always sequenced using the forward and reverse
primers to ensure consistency. PCR products were purified with
the NucleoSpin Extract II kit (Macherey-Nagel). Sequences were
performed with BigDye v1.1 chemistry (Applied Biosystems), pre-
cipitated with ethanol and run in an ABI PRISM 310 (Applied Bio-
systems). Electropherograms were visualized and manually
checked using BioEdit (Hall, 1999).

We aligned the sequences for each fragment with MAFFT ver-
sion 6 (Katoh and Toh, 2008) using the L-INS-i algorithm and de-
fault parameters. The alignments were concatenated into a single
dataset and a Bayesian phylogenetic analysis was performed with
MrBayes v3.1.2 (Ronquist and Huelsenbeck, 2003). To do so, the
dataset was partitioned by gene and by codon position in the COI
region. This was selected as the best partitioning strategy accord-
ing to Bayes factors (see Brandley et al., 2005) (data not shown).
Substitution parameters were unlinked between partitions; for
each partition, we set the number of distinct relative substitution
rates and the kind of rate variation among sites (gamma distribu-
tion and/or proportion of invariable sites) that best adjusted to
the nucleotide substitution model previously calculated under
the AICc criterion in jModelTest (Posada, 2008). Topology and
branch lengths remained linked between partitions without any
prior constrain, while the prior on the substitution rate was set
to variable to accommodate rate differences across partitions. We
performed a MCMC search with two simultaneous runs starting
with random trees. Each run consisted of four chains, with default
heating parameters, and 107 generations sampled every 10> steps.
We used the standard deviation of split frequencies as a conver-
gence index (<0.001). Also, to visually check for convergence we
used the online version of AWTY (Wilgenbusch et al., 2004). After
discarding the first 10*> samples for burn-in, 9000 sampled trees
were summarized with a majority rule (50%) consensus tree.
Branch length information was retained and nodal support ex-
pressed as posterior probabilities (bpp).

We used BEAST v1.4.8 (Drummond and Rambaut, 2007) to infer
the time to the most recent common ancestor (TMRCA) for nodes
of interest in the phylogeny (see below). This software also imple-
ments a Bayesian MCMC analysis, and is able to co-estimate trees
and divergence times. We analyzed the concatenated dataset with
the same partition scheme (the input file was properly formatted
with the BEAUti utility included in the same program package).
We unlinked substitution model parameters for each partition
and they were estimated under a HKY+I+G model. We specified a
relaxed clock with an uncorrelated lognormal distribution (Drum-
mond et al., 2006) and a speciation Yule process as tree prior. Tak-
ing into account published substitution rates for COI and 16S in
other crabs (Ketmaier et al., 2003; Schubart et al., 2000; Stillman
and Reeb, 2001), we set the meanRate prior as a uniform distribu-
tion between 0.005 and 0.015 substitutions per site per lineage per
mya, and the midpoint of this interval (0.01) as the starting value
of the ucld.mean prior. To estimate the TMRCA for the European
Maja species as well as for other nodes of interest, we defined
the appropriate groups but without constraining them to be mono-
phyletic. The analysis was run for 3 x 107 generations sampled
every 3 x 10 steps and the first 10* samples were discarded as
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burn-in. To check for convergence and to visualize the results we
used the program Tracer v1.4 (Rambaut and Drummond, 2007).

3. Results

The final concatenated dataset was 1294 bp long, with 654 bp
from the COI gene and 640 bp from the 16S (excluding only prim-
ers positions). The best fit model of nucleotide substitution for
each partition was: TrNef+l, F81, TIM2+G for 1st, 2nd and 3rd co-
don positions of COI, respectively; and TIM3+G for 16S (see Posada,
2008). The COI alignment (GenBank accession numbers:
GQ153550-GQ153559) rendered 214 variable positions. Eleven
of the 218 codons showed replacement changes, one of them be-
tween the European species (the codon 148 codified for Leu in M.
crispata and M. squinado and for Met in the remaining species).
The 16S alignment (GenBank accession numbers: GQ153560-
GQ153569) presented 176 variable positions. Moreover, the length
of this fragment varied between species, resulting in 22 sites with
gaps (3 between the European samples). Remarkably, the 2 speci-
mens from South Africa (M. sp. SA1 and M. sp. SA2) carried the
same 16S sequence, which was also identical to that of M. brachy-
dactyla. For the partial COI gene, they differed in a single position
and possessed 8 substitutions respect to M. brachydactyla.

MrBayes runs clearly reached convergence, with a final stan-
dard deviation of split frequencies smaller than 0.001 and stable
likelihood values. The resulting phylogeny was well resolved and
highly supported, nodal posterior probabilities were often 1.00 or
close to 1.00 (Fig. 1). After rooting the tree with the outgroup (S.
aspera), the Asian M. kominatoensis appeared as the basal ingroup
lineage. The remaining species formed two well defined clades:
one including M. japonica and M. spinigera (both from the Indian
Ocean) and the other comprising all the Eastern Atlantic and Med-

iterranean specimens. Within the monophyletic European group,
M. goltziana was the basal species, while a more recent split sepa-
rates the “Mediterranean” (M. crispata and M. squinado) an “East-
ern Atlantic” (M. brachydactyla, M. sp. SA1 and M. sp. SA2) lineages.

BEAST parameters had very large effective sample sizes. The in-
ferred mean substitution rate was 1.08% per my, and was close to a
strict clock model (ucld.stdev = 0.259). The estimated TMRCA for
the “European” Maja crabs (Fig. 1, node A) was 22.00 mya (Early
Miocene), and the split between the “Mediterranean” and the
“Eastern Atlantic” lineages (Fig. 1, node B), 9.59 mya (Late Mio-
cene). The M. squinado/M. crispata divergence (Fig. 1, node C) dates
back to 3.95 mya (Pliocene), and to 0.60 mya (Middle Pleistocene)
the divergence within the “Eastern Atlantic” clade (Fig. 1, node D).
As well, the time estimate of the root of the tree (Fig. 1, node R) was
of 86.14 mya. However, all confidence intervals were quite wide, as
indicated in Fig. 1.

4. Discussion

The inferred molecular phylogeny clearly shows that the East-
ern Atlantic and Mediterranean Maja species conform to a single
mitochondrial lineage that most likely diverged from an Indo-West
Pacific ancestor during the Early Miocene. Within Maja, M. komina-
toensis seems to be the basal species, a result that would be con-
gruent with its morphological data, as this crab can be easily
differentiated from the other congeners due to the absence of
spines in the median line and in the margins of the carapace. To
check the influence of the outgroup selection in this result, we re-
peated the analysis incorporating other majoid species from differ-
ent families: Chionoecetes opilio (Oregoniidae) and Pugettia
quadridens (Epialtidae) (these sequences were available at Gen-
Bank under the following accession numbers: AB211154 and
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Fig. 1. Bayesian phylogeny of Maja species based on partial COI and 16S genes, rooted with Schizophrys aspera. Numbers at nodes are posterior probabilities. Arrows point to
nodes with estimated TMRCAs, showing mean values in million years (mya) and the 95% confidence intervals (within parentheses).
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AB188684; EU682866 and EU682821). In this case, the relation-
ships within Maja did not change (data not shown), although the
support of this clade decreased (bpp = 0.61) while S. aspera ap-
peared as a basal sister lineage of all Maja with bpp = 1.00. Despite
its current classification, S. aspera was included within Maja for
some time (see Griffin and Tranter, 1986; Ng et al., 2008), and
our results suggest that its systematic position is not completely
clear.

The root of the genus Maja is unambiguously placed into the
Indo-West Pacific basin, which together with the older age and
phylogenetic position of the M. japonica-M. spinigera clade, sug-
gests an Indo-West Pacific origin of the European Maja crabs. How-
ever, it is difficult to be more concrete about the lineages that
colonized the Atlantic and Mediterranean oceans, as we only ob-
tained three out of putative 15 species in the Indo-West Pacific
(Griffin and Tranter, 1986; Ng et al., 2008). An ancestor of the Euro-
pean lineage inhabiting the current Indo-West Pacific at some
point from the Cretaceous to the Early Miocene seems quite logical
given the history of this region. The Indo-West Pacific is regarded
as a center of origin for many marine organisms, especially for
those with a current high concentration of species in this area
(e.g., Frey and Vermeij, 2008, and references therein), and it is also
a center of biodiversity for decapods in general (Feldmann and
Schweitzer, 2006) and brachyurans in particular (Ng et al., 2008).
Moreover, from the Cretaceous to the Eocene, several brachyuran
radiations took place from the Southern Hemisphere and led to
many of the modern families of crabs (Feldmann and Schweitzer,
2006; Schram, 2001). Thus, the first fossil of Majidae in Europe
(Italy) effectively dates from the Eocene (Larghi, 2002).

One of the most important tectonic events during the Miocene
was the collision of the African and Eurasian plates, which caused
the closure of the Tethyan Seaway. This corridor connected the
Atlantic and Indian Oceans through the Mediterranean Sea, allow-
ing the exchange of fauna among basins. Although there is not con-
sensus in the exact date of the closure, it could have begun in the
Early Miocene, around 20 mya, and have completed in the Middle
Miocene, around 10 mya (see Teske et al., 2007). This event repre-
sented the isolation of the Eastern Atlantic-Mediterranean from
the Indo-West Pacific regions, and therefore the independent evo-
lution of the biota on both sides. This episode promoted speciation
in several marine organisms; such as the sea urchins Diadema
(Lessios et al., 2001), the sand gobies Gobiidae (Huyse et al.,
2004), the snails Echinollitorina (Williams and Reid, 2004) and Neri-
ta (Frey and Vermeij, 2008), the seahorses Hippocampus (Teske
et al., 2007), or the spiny lobsters Palinurus (Groeneveld et al.,
2007).

According to our data, the estimated age of the European spe-
cies (22 mya) predates the final Tethyan closure, and so it is possi-
ble that their ancestor could have reached the Mediterranean and
began to diverge before the complete isolation of both basins. Sim-
ilar scenarios have been suggested in relation with the uplift of the
Isthmus of Panama for species adapted to deeper habitats, which
could have become isolated even before the total rising of the Isth-
mus (Teske et al., 2007; Williams and Reid, 2004). The first split
leading to the European Maja crabs would fit to this pattern, as
its basal lineage, M. goltziana, which occurs in both the Mediterra-
nean and the Atlantic, is characteristic of deeper waters (Lelli et al.,
2007). The larger genetic divergence of M. goltziana is also in agree-
ment with morphology, as it is considered the most differentiated
species within the European clade (Neumann, 1996; Soppelsa
et al., 2005).

The second split within the European species resulted into a
“Mediterranean” (M. squinado and M. crispata) and an “Eastern
Atlantic” (M. brachydactyla and South African crabs) clade, around
9.59 mya. If the dating is correct, this split would have taken place
before the Messinian salinity crisis (5.9-5.33 mya, Krijgsman et al.,

1999), the major vicariance event between the Mediterranean and
the Atlantic (Huyse et al., 2004, and references therein). This inci-
dent consisted of a dramatic desiccation of the Mediterranean Sea
that isolated it from the Atlantic Ocean (Krijgsman et al., 1999),
and that caused a severe extinction of the ancestral Indo-Pacific
fauna in the Mediterranean (Huyse et al., 2004). Although M. goltzi-
ana presumably survived this crisis, we cannot discard the extinc-
tion of other Maja lineages that had possibly existed in the
Mediterranean. M. goltziana has been recorded from the Eastern
Atlantic as well, but the individual that we obtained for this study
was from the Mediterranean Sea (Sicily). Therefore, it would be
very interesting to obtain an Atlantic sample in order to confirm
whether it effectively belongs to the same mitochondrial lineage,
and to understand whether M. goltziana spread into the Atlantic
once, before or after the Messinian crisis, or perhaps twice.

At the end of the Messinian salinity crisis, the reopening of the
Strait of Gibraltar 5.33 mya not only reconnected the two basins
because of the re-flooding of the Mediterranean with Atlantic
waters but also generated new available habitats and niches within
the Mediterranean Sea, i.e., suitable conditions for new species to
arise. The divergence between M. squinado and M. crispata, dated
in the Pliocene (3.95 mya), would fit this hypothesis. Indeed, these
two species are found at different depth ranges, the first from sub-
tidal areas up to 50 m deep, while the second only occurs in shal-
low shores. On the contrary, the shared ecological characteristics of
M. squinado and M. brachydactyla could have prevented their co-
occurrence in the same basin, as they would compete for the same
niche. Furthermore, their large morphological resemblance could
be also due to convergent evolution (adaptation to the same habi-
tat), a feature that may be quite common within majoids (Hultgren
and Stachowicz, 2008) and in other crustaceans (e.g., Harrison and
Crespi, 1999; Reuschel and Schubart, 2006).

Within the “Eastern Atlantic” clade, the low differentiation of
the South African specimens formerly identified as separate taxa
(M. squinado and M. capensis), both between themselves and M.
brachydactyla, suggests that all these taxa are in fact the same spe-
cies (M. brachydactyla), in congruence with the morphological
affinities already described between M. capensis and M. brachydac-
tyla (Neumann, 1998). If we assume a single species in the Eastern
Atlantic, from the British Islands to South Africa, M. brachydactyla
would have diverged from a plausible Mediterranean ancestor dur-
ing the Late Miocene (9.59 mya), although its current diversity
would be explained by a more recent expansion during the Pleisto-
cene (600,000 ya) (Sotelo et al., 2008a). Indeed, it is possible that
despite having reached the Atlantic during the Miocene, Pleisto-
cene glaciations caused severe bottlenecks and the retreat of the
M. brachydactyla populations to southern refuges, as described
for most marine taxa in this region (see Chevolot et al., 2006, and
references therein). Supporting this idea, a fossil of Maja was re-
corded from the Pliocene in Belgium (van Bakel et al., 2006), which
indicates its presence before Pleistocene glaciations. The same pat-
tern has been observed and discussed in the spiny lobster Palinurus
elephas, with similar speciation and expansion dates in the Eastern
Atlantic (Groeneveld et al., 2007; Palero et al., 2008). While the
wide distribution of M. brachydactyla in the Eastern Atlantic is con-
gruent with the high dispersal capacity of its pelagic larvae (the
two zoea stages spend around two weeks in the water column),
its eurithermic condition, and the influence of oceanic currents
(see Sotelo et al., 2008a), the southernmost expansion seems more
difficult to explain, as the main current in southern Africa, the
Benguela Current, which flows clock-wise from east to west coasts,
already appeared in the Miocene and intensified in the Late Plio-
cene (Lessios et al., 2001). Alternatively, a putative M. capensis tax-
on could have independently diverged during the Miocene, having
hybridized only recently with M. brachydactyla in a contact zone,
likely around Cape Verde Islands, where Canary and Benguela Cur-
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rents converge. However, to test this hypothesis it would be neces-
sary to include other Maja species from the Western Indian Ocean
in addition to an extensive sampling in the Eastern Atlantic and the
use of nuclear markers. Remarkably, the Benguela Current is con-
sidered another biogeographic break between the Eastern Atlan-
tic-Mediterranean and the Indo-West Pacific (e.g., Frey and
Vermeij, 2008; Lessios et al., 2001).

So far, we have discussed the evolution of Maja crabs in the
Eastern Atlantic-Mediterranean region considering the Tethyan
Seaway as the initial colonization route; however, we cannot com-
pletely discard the entrance through the South African coast in-
stead (Fig. 2). Under this scenario, an ancestral M. goltziana
would have spread along the Atlantic and Mediterranean coasts
during the Miocene, before the establishment of the Benguela Cur-
rent. In agreement with this hypothesis, M. goltziana has been de-
scribed as a species of subtropical Atlantic origin (Lelli et al., 2007;
Soppelsa et al., 2005). Its sister lineage would split later into the
Eastern Atlantic M. brachydactyla and a “Mediterranean” clade be-
fore the Messinian salinity crisis. The Mediterranean ancestor of M.
squinado and M. crispata may have survived the desiccation period
and, after that, with the appearance of new available habitats, di-
verged into species adapted to intermediate depths (M. squinado)
and to shallow waters (M. crispata). These two species could have
spread later into the Atlantic, but M. squinado could have been dis-
placed due to niche competition with M. brachydactyla, while M.
crispata could manage to successfully colonize this basin.

Indeed, our inferences rely on divergence estimates from mito-
chondrial data alone and assuming that the mutation rate adjusts
to values reported for other crabs, ranging from 0.5% to 1.5% per
lineage per my. The inferred rate of 1.08% seems quite reasonable
given this, however, rates as low as 0.18-0.36% have also been pro-
posed, for example, for the COI and 16S genes in the spiny lobster
genus Palinurus (Groeneveld et al., 2007; although see Palero,
2008). Thus, it is clear that the results obtained should be taken

as the first step in the reconstruction of the biogeographic history
of European spider crabs of the genus Maja. Nuclear markers as
well as a more comprehensive sampling would be desirable to an-
swer with more precision this question.

Acknowledgments

We are grateful to Jose Cuesta, Paolo Sartor and Costas Trianta-
phyllidis for providing European samples; and to Tin-Yam Chan, Jo-
han Groeneveld, Joelle Lai and Peter Ng for sending Pacific and
Indian Ocean samples as well as for useful comments on the
non-European species; and to Gaston Fernandes for helping in
the shipment of South African specimens. We especially thank Sara
Rocha for constructive discussions on the manuscript; and thanks
are also due to Pilar Alvarifio and Nieves Santamaria for lab assis-
tance. Graciela Sotelo was supported by a pre-doctoral fellowship
from the Xunta de Galicia.

References

Brandley, M.C., Schmitz, A., Reeder, T.W., 2005. Partitioned Bayesian analyses,
partition choice, and the phylogenetic relationships of scincid lizards. Syst. Biol.
54, 373-390.

Carmona-Sudrez, C.A., 2003. Reproductive biology and relative growth in the spider
crab Maja crispata (Crustacea: Brachyura: Majidae). Sci. Mar. 67, 75-80.

Corgos, A., Freire, J., 2006. Morphometric and gonad maturity in the spider crab
Maja brachydactyla: a comparison of methods for estimating size at maturity in
species with determinate growth. ICES J. Mar. Sci. 63, 851-859.

Chevolot, M., Hoarau, G., Rijnsdorp, A.D., Stam, W.T., Olsen, ].B., 2006.
Phylogeography and population structure of thornback rays (Raja clavata L.,
Rajidae). Mol. Ecol. 15, 3693-3705.

Drummond, A., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol. Biol. 7, 214.

Drummond, AJ., Ho, S.Y.W.,, Phillips, M.J., Rambaut, A., 2006. Relaxed phylogenetics
and dating with confidence. PloS Biol. 4, e88.

Feldmann, R.M., Schweitzer, C.E., 2006. Paleobiogeography of Southern Hemisphere
decapod crustaceans. ]. Paleontol. 80, 83-103.

Mol. Phylogenet. Evol. (2009), doi:10.1016/j.ympev.2009.05.009

Please cite this article in press as: Sotelo, G., et al. Molecular phylogeny and biogeographic history of the European Maja spider crabs (Decapoda, Majidae).




6 G. Sotelo et al./ Molecular Phylogenetics and Evolution xxx (2009) Xxx-xxx

Folmer, O., Black, M., Hoeh, W., Lutz, R., Vrijenhoek, R., 1994. DNA primers for
amplification of mitochondrial cytochrome c oxidase subunit I from diverse
metazoan invertebrates. Mol. Mar. Biol. Biotechnol. 3, 294-299.

Frey, M.A., Vermeij, G.J., 2008. Molecular phylogenies and historical biogeography of
a circumtropical group of gastropods (Genus: Nerita): implications for regional
diversity patterns in the marine tropics. Mol. Phylogenet. Evol. 48, 1067-1086.

Fiirbock, S., Patzner, RA., 2005. Daily movement patterns of Maja crispata Risso
1827 (Brachyura, Majidae). Acta Adriat. 46, 41-45.

Garcia-Flérez, L., Fernandez-Rueda, P., 2000. Reproductive biology of spider crab
females (Maja brachydactyla) off the coast of Asturias (north-west Spain). J. Mar.
Biol. Assoc. UK 80, 1071-1076.

Griffin, DJ.G., Tranter, H.A., 1986. The Decapoda Brachyura of the Siboga Expedition.
Part VIII. Majidae. Siboga-Expeditie 39C4, 1-335.

Groeneveld, J.C., Gopal, K., George, RW., Matthee, C.A., 2007. Molecular phylogeny
of the spiny lobster genus Palinurus (Decapoda: Palinuridae) with hypotheses
on speciation in the NE Atlantic/Mediterranean and SW Indian Ocean. Mol.
Phylogenet. Evol. 45, 102-110.

Guerao, G., Pastor, E., Martin, J., Andrés, M., Estévez, A., Grau, A., Duran, J., Rotllant,
G., 2008. The larval development of Maja squinado and M. brachydactyla
(Decapoda, Brachyura, Majidae) described from plankton collected and
laboratory-reared material. ]. Nat. Hist. 42, 2257-2276.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98.

Harrison, M.K., Crespi, B.J., 1999. Phylogenetics of Cancer crabs (Crustacea:
Decapoda: Brachyura). Mol. Phylogenet. Evol. 12, 186-199.

Hultgren, K.M., Stachowicz, ].J., 2008. Molecular phylogeny of the brachyuran crab
superfamily Majoidea indicates close congruence with trees based on larval
morphology. Mol. Phylogenet. Evol. 48, 986-996.

Huyse, T., Houdt, J.V., Volckaert, F.A.M., 2004. Paleoclimatic history and vicariant
speciation in the “sand goby” group (Gobiidae, Teleostei). Mol. Phylogenet. Evol.
32, 324-336.

Katoh, K., Toh, H., 2008. Recent developments in the MAFFT multiple sequence
alignment program. Brief. Bioinform. 9, 286-298.

Ketmaier, V., Argano, R., Caccone, A., 2003. Phylogeography and molecular rates of
subterranean aquatic stenasellid isopods with a peri-Tyrrhenian distribution.
Mol. Ecol. 12, 547-555.

Krijgsman, W., Hilgen, F.J., Raffi, L, Sierro, F.J., Wilson, D.S., 1999. Chronology, causes
and progression of the Messinian salinity crisis. Nature 400, 652-655.

Larghi, C., 2002. Mithracia oppionii sp. nov. (Crustacea, Decapoda, Brachyura) from
the Eocene of Chiampo (Vicenza, Italy). Bull. Mizunami Fossil Mus. 29, 61-68.

Lelli, S., Carpenteri, P., Colloca, F., Ardizzone, G.D. 2007. The spiny spider crab Maja
goltziana (Crustacea: Majidae) in south Lebanese waters, J. Mar. Biol. Assoc. UK
Online only.

Lessios, H.A., Kessing, B.D., Pearse, ].S., 2001. Population structure and speciation in
tropical seas: global phylogeography of the sea urchin Diadema. Evolution 55,
955-975.

Mahon, B.C., Neigel, J.E., 2008. Utility of arginine kinase for resolution of
phylogenetic relationships among brachyuran genera and families. Mol.
Phylogenet. Evol. 48, 718-727.

Neumann, V., 1996. Comparative investigations on the systematics and taxonomy
of European Maja species (Decapoda, Brachyura, Majidae). Crustaceana 69,
821-852.

Neumann, V., 1998. A review of the Maja squinado (Crustacea: Decapoda:
Brachyura) species-complex with a key to the eastern Atlantic and
Mediterranean species of the genus. J. Nat. Hist. 32, 1667-1684.

Ng, P.K.L, Guinot, D., Davie, P.J.F., 2008. Systema Brachyurorum: part I. An
annotated checklist of extant brachyuran crabs of the world. Raffles B. Zool.
17, 1-286.

Palero, F., 2008. Evolutionary genetics of Achelata lobsters. PhD Thesis. Universistat
de Barcelona, Barcelona.

Palero, F., Abell6, P., Macpherson, E., Gristina, M., Pascual, M., 2008. Phylogeography
of the European spiny lobster (Palinurus elephas): influence of current
oceanographical features and historical processes. Mol. Phylogenet. Evol. 48,
708-717.

Porter, M.L, Pérez-Losada, M., Crandall, K.A., 2005. Model-based multi-locus
estimation of decapod phylogeny and divergence times. Mol. Phylogenet.
Evol. 37, 355-369.

Posada, D., 2008. jModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25,
1253-1256.

Rambaut, A., Drummond, AJ. 2007. Tracer v1.4. Available from: <http://
beast.bio.ed.ac.uk/Tracer>.

Reuschel, S., Schubart, C.D., 2006. Phylogeny and geographic differentiation of
Atlanto-Mediterranean species of the genus Xantho (Crustacea: Brachyura:
Xanthidae) based on genetic and morphometric analyses. Mar. Biol. 148, 853-
866.

Ronquist, F., Huelsenbeck, ].P., 2003. MRBAYES 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572-1574.

Schram, F.R,, 2001. Phylogeny of decapods: moving towards a consensus.
Hydrobiologia 449, 1-20.

Schubart, C.D., 2009. Mitochondrial DNA and decapod phylogenies: the importance
of pseudogenes and primer optimization. In: Martin, ].W., Crandall, K.A., Felder,
D.L. (Eds.), Crustacean Issues: Decapod Crustacean Phylogenetics. Taylor &
Francis/CRC Press, Boca Raton, Florida, pp. 45-53.

Schubart, C.D., Neigel, J.E., Felder, D.L., 2000. Use of the mitochondrial 16S rRNA
gene for phylogenetic and population studies of Crustacea. Crustac. Issues 12,
817-830.

Soppelsa, O., Crocetta, F., Pipitone, C., 2005. Maja goltziana D’'Oliveira, 1888
(Decapoda, Brachyura, Majidae) in the southern Tyrrhenian Sea. Crustaceana
78, 121-124.

Sotelo, G., Moran, P., Fernandez, L., Posada, D., 2008a. Genetic variation of the spiny
spider crab Maja brachydactyla in the northeastern Atlantic. Mar. Ecol. Prog. Ser.
362, 211-223.

Sotelo, G., Moran, P., Posada, D., 2008b. Genetic identification of the northeastern
Atlantic spiny spider crab as Maja brachydactyla Balss, 1922. ]. Crust. Biol. 28,
76-81.

Spears, T., Abel, L.G., Kim, W., 1992. The monophyly of brachyuran crabs: a
phylogenetic study based on 18S rRNA. Syst. Biol. 41, 446-461.

Stevcic, Z., 2005. The reclassification of brachyuran crabs (Crustacea: Decapoda:
Brachyura). Nat. Croat. 14, 1-159.

Stillman, J.H., Reeb, C.A., 2001. Molecular phylogeny of eastern Pacific porcelain
crabs, genera Petrolisthes and Pachycheles, based on the mtDNA 16S rDNA
sequence: phylogeographic and systematic implications. Mol. Phylogenet. Evol.
19, 236-245.

Teske, P., Hamilton, H., Matthee, C.A., Barker, N.P., 2007. Signatures of seaway
closures and founder dispersal in the phylogeny of a circumglobally distributed
seahorse lineage. BMC Evol. Biol. 7, 138.

van Bakel, B.W.M., Fraaije, R.H.B., Jagt, ] W.M., 2006. Synopsis of Cenozoic decapod
crustaceans from Belgium. Rev. Mex. Cienc. Geol. 23, 370-374.

Wilgenbusch, J.C., Warren, D.L., Swofford, D.L., 2004. AWTY: a system for graphical
exploration of MCMC convergence in Bayesian phylogenetic inference.
Available from: <http://ceb.csit.fsu.edu/awty>.

Williams, S.T., Reid, D.G., 2004. Speciation and diversity on tropical rocky shores: a
global phylogeny of snails of the genus Echinolittorina. Evolution 58, 2227-
2251.

Mol. Phylogenet. Evol. (2009), doi:10.1016/j.ympev.2009.05.009

Please cite this article in press as: Sotelo, G., et al. Molecular phylogeny and biogeographic history of the European Maja spider crabs (Decapoda, Majidae).



http://beast.bio.ed.ac.uk/Tracer
http://beast.bio.ed.ac.uk/Tracer
http://ceb.csit.fsu.edu/awty

	Molecular phylogeny and biogeographic history of the European Maja spider crabs (Decapoda, Majidae)
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	References


