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SUMMARY Two forms of the squat lobster Pleuroncodes
monodon can be found along the Pacific coast of South America:
a smaller pelagic and a larger benthic form that live respectively
in the northern and southern areas of the geographic distribution
of the species. The morphological and life history differences
between the pelagic and benthic forms could be explained either
by genetic differentiation or phenotypic plasticity. In the latter
case it would correspond to a heterochronic phenotypic plasticity
that is fixed in different environments (phenotype fixation). The
aim of this study was to evaluate whether the two forms are

genetically differentiated or not; and thus to infer the underlying
basis—heritable or plastic—of the existence of the two forms.
Based on barcoding data of mitochondrial DNA (the COI gene),
we show that haplotypes from individuals of the pelagic and
benthic forms comprise a single genetic unit without genetic
differentiation. Moreover, the data suggest that all studied indivi-
duals share a common demographic history of recent and
sudden population expansion. These results strongly suggest
that the differences between the two forms are due to phenotypic
plasticity.

INTRODUCTION

Evolutionary biologists and ecologists use the term phenotypic
plasticity to describe the ability of an organism to alter its
physiology, morphology, or development in response to
changes in its environment (Bradshaw 1965; Callahan et al.
1997). Based on the adaptive plasticity hypothesis, phenotypic
plasticity evolves to maximize fitness when the environment is
variable and is a common response to environmental gradients
(Via et al. 1995; Agrawal 2001). For marine invertebrates it
has been shown that those with low dispersal potential have
lower levels of phenotypic plasticity than those with high dis-
persal potential (i.e., long-lived planktonic larvae) (Hollander
2008), and that crustaceans often display phenotypic plasticity.
For example, some brachyuran crab species that have a larva
that lives in the plankton for several weeks, develop stronger
and larger claws in response to diet (Smith and Palmer 1994;
Smith 2004; Taylor et al. 2009), and neither the color forms
nor the size differences could be attributed to genetic differ-
entiation (Reuschel and Schubart 2007), demonstrating that
the size differences correspond to phenotypic plasticity. Phe-
notypic plasticity has been reported in many marine species,
even some with low dispersal potential, such as the isopod
Idotea granulose that displays morphological variation corre-
lated with rockpool algal diversity (Hull et al. 2001).
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Phenotypic plasticity in the developmental pathway is an
important mode of evolution for many marine organisms (e.g.,
Hunda and Hughes 2007; Nielsen 2008). Heterochronic phe-
notypic variation has been reported for several species. For
crustaceans it has been associated with an abbreviated larval
development (Makarov and Maslennikov 1981; Clark 2005;
Delgado and Defeo 2006, Kavanagh et al. 2006; Ozawa and
Ishii 2008). In some species, heterochronic plasticity translates
into the existence of more than one form of adult, but without
genetic differentiation between forms. Heterochronies leading
to phenotypic plasticity have been generally associated with a
response of the species to a varying environment (Scheiner
1993; Denoél and Joly 2000; Parsons et al. 2010).

The squat lobster Pleuroncodes monodon Milne Edwards
1837, has a high dispersal potential given by a long-lived larva
and has a wide range of geographic distribution (at least from
6°S to 40°S) (Haig 1955; 1968; Acuna et al. 2003). There is a
striking difference in morphology and life history/behavior
between individuals of the north and south of the range of
distribution of P. monodon. In the north there is a pelagic
adult form (up to 25°25.48'S) (Barbieri et al. 2001) associated
mainly to pelagic fisheries resources like anchovy (Rivera and
Santander 2005; Gutiérrez et al. 2008). Southern adult indi-
viduals of P. monodon are benthodemersal and thus associ-
ated with a bottom trawl fishery (Acufa et al. 2003).
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Interestingly, the northern pelagic form is characterized by
having a much smaller size when reaching reproductive ma-
turity (Barbieri et al. 2001) than the benthic southern form
(Fig. 1). Males and females captured in the northernmost
region of Chile had between 12 and 22 mm cephalothoracic
length (CL) (mean = 15.1 mm) and between 11 and 17mm
CL (mean = 14 mm), respectively (Barbieri et al. 2001). In
contrast, individuals of the southern area are much larger at
maturity (CL from 20.6 to 21.9 mm). Thus, pelagic northern
forms are smaller than the southern benthic ones and do not
go through a benthic stage. This pelagic form has been also
described for the congener Pleuroncodes planipes, and Kash-
kina and Kashkin (1993) refer to the phenomenon as a recent
pelagization based on progenesis, which is the acquisition of
sexual maturity earlier in ontogeny.

The morphological and ecologic/behavioral differences
between the pelagic and benthic forms of species of the ge-
nus Pleuroncodes are puzzling. Genetic differentiation and
phenotypic plasticity are mutually exclusive ways of achieving
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Fig. 1. Pleuroncodes monodon. Size
difference between benthic (A) and pela-
gic (B) forms along the southeast Pacific.

adaptation to a heterogeneous environment (Thoday 1953;
Jain 1979; Hazel et al. 1987; Borenstein et al. 2006; Crispo
2008). It may be that the two forms correspond to different
species. In this scenario there would be strong genetic differ-
entiation between the forms. A suitable marker for differen-
tiating species is the COI gene of the mitochondrial DNA
(mtDNA). The sequence of this gene has been shown to be a
good barcoding marker to differentiate species (Hebert et al.
2003; Rubinoff 2005; Costa et al. 2007; Radulovici et al. 2009).

Alternatively, the two forms of P. monodon may be one
species with strong developmental phenotypic plasticity. If the
occurrence of two forms in Pleuroncodes spp. is a consequence
of phenotypic plasticity, the mechanism of plasticity could be a
heterochronic process such as pacdomorphic plasticity, because
in the northern area individuals either have slower growth rate
(neoteny), or same growth rate but acquire maturity at smaller
size (progenesis) (McNamara 1986; Klingenberg 1998). On the
other hand, the phenotypic plasticity could correspond to phe-
notype fixation, a kind of plasticity wherein each environment
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harbors one form (West-Eberhard 1989). In the case of P.
monodon, only one form is present in each the pelagos and the
benthos. West-Eberhard (1989) emphasizes that phenotype fix-
ation “can occur with little or no genetic change, if the envi-
ronment of the population uniformly induces or selects for a
single alternative.”

Analyses of the geographic distribution of the genetic
diversity of species have proven insightful to discriminate
between alternative scenarios that could explain morpholog-
ical variation (e.g., Robinson and Wilson 1996; Snell-Rood
et al. 2010). For example, Spivak and Schubart (2003) reported
a lack of genetic differentiation between two forms of a bra-
chyuran crab, and suggested that analyzed samples represent
a single species that displays morphological differentiation.
With the goal of assessing the degree of differentiation be-
tween pelagic and benthic forms of P. monodon and thus,
determine the existence of two species or one species with
heterochronic phenotypic plasticity, we undertook an analysis
of partial sequences of the mtDNA COI gene, including
samples of both forms.

MATERIALS AND METHODS

Individuals of P. monodon were collected between 2004 and 2006
from nine sites in the southeast Pacific from 06°30'S to 36°60'S,
covering a wide portion of the species geographic range of distri-
bution (Fig. 2A). The maximum linear distance between sampling
sites was approximately 3500km. Samples were obtained from
pelagic purse seine tows in the northern area and from bottom trawl
tows in the southern area. Twenty-two individuals of each form
were used in this study. This sample size is large enough to obtain a
representative barcode for a species since usually five to 10 individ-
uals per species are used (Hajibabaei et al. 2007). Total genomic
DNA was extracted using the QIAamp DNA mini kit following
manufacturers standard protocol. DNA was eluted in 200 pl.

Polymerase chain reaction (PCR), using the universal primers
HCO and LCO (Folmer et al. 1994), was used to amplify a portion
of the COI gene of the mtDNA. PCR’s were performed in 10 ul
reactions with: 30 ng of DNA, 2.5mM MgCl,, 0.2mmM of a ANTP
mix, 1 x buffer, and 0.8 um of each primer. The cycling program
consisted of a 10 min initial soak at 94°C, followed by 35 cycles of
1 min at 95°C, 1 min at 40°C, and 2 min at 72°C, ending with a final
extension of 13 min at 72°C. Success of PCR was visualized after
horizontal 1% agarose DNA electrophoresis with diluted ethidium
bromide using a UV-transilluminator and a 100 bp ladder to de-
termine amplicon size. Amplicons were purified using a PCR
Purification Kit (Qiagen Inc., Valencia, CA, USA) following man-
ufacturer’s protocol. Sequencing reactions were performed in both
directions with an ABI 3730XL capillary automated sequencer
(Applied Biosystems, Carlsbad, CA, USA).

Unique sequences for each individual and alignment of sequences
using default parameters were obtained using the software CODON-
CODE ALIGNER 2.04 (CodonCode). Alignment was visually
verified and sequences were truncated at each extreme to produce
equal size aligned sequences for each individual. Haplotype sequences

were deposited in the NCBI GenBank database (GenBank accessions
HQ284198-HQ284237).

Phylogenetic analyses were conducted using Maximum-Likeli-
hood (ML) in PAUP* 4.0b10 (Swofford 2002) and Bayesian
approach implemented in MrBayes 3.1.2 (Ronquist and Huelsen-
beck 2003), incorporating the model of molecular evolution
HKY =1+G selected as the one that best fit the data by MrMod-
eltest (Nylander 2004). For both analyses, the COI sequence of
Cervimunida johni (GenBank HQ284238) was used as outgroup.
For ML, branch support was obtained from 10,000 replicates of a
bootstrap analysis. For Bayesian, the settings were two simulta-
neous runs of Markov chain Monte Carlo for seven million gen-
erations, with a burn-in of 25%.

To determine the genetic relationship between COI haplotypes
and explore processes of population dynamics and represent ge-
nealogical relationships among haplotypes, a median-joining net-
work was constructed using NETWORK 4.5 (Bandelt et al. 1999).
The coalescent criteria of Crandall and Templeton (1993) were
used to resolve loops. ARLEQUIN 3.11 (Excoffier et al. 2005) was
used to calculate the ®gr value, and associated probability between
pelagic and benthic forms, and determine if they are significantly
genetically differentiated.

DNASP 4.10.2 (Rozas et al. 2003) was used to estimate genetic
diversity indices (total and for each of the two forms), perform
mismatch distribution analysis (MDA) and calculate neutrality
statistics on all the data. The estimated genetic diversity indices
were: number of segregating sites, number of haplotypes, haplotype
diversity, nucleotide diversity, and mean number of pairwise differ-
ences. Tajima’s D (Tajima 1989) and Fu’s F (Fu 1997) statistics
of neutrality were used to test for sudden changes in effective pop-
ulation size based on departures from neutrality given by excesses
of rare alleles and young haplotypes. In the MDA, which is the
distribution of the observed number of differences between pairs of
haplotypes, statistically significant differences between observed
and simulated sudden-expansion distribution were evaluated with
Harpending Rugged Index (r). When mutations accumulate with
low lineage loss, the MDA curve is smooth and unimodal (Rogers
and Harpending 1992; Excoffier 2004).

RESULTS

The final aligned truncated data set was composed of 44
sequences (22 of each form) of 576 base pairs in length, con-
sisting of 40 haplotypes. Phylogenetic analyses with ML and
Bayesian approaches resulted in similar tree topologies. They
show that there is no reciprocal monophyly of the COI
sequences of each form. The position of some haplotypes
varied between topologies resulting from ML and Bayesian
approaches probably as a consequence of the very short
genetic distances between haplotypes (Fig. 2B). As expected
with such closely related haplotypes, only nine nodes had
posterior probabilities over 0.5 and of those three had values
> 0.75. Within two of these three well-supported clades there
are samples from the two forms included. Similarly, only six
nodes showed bootstrap support values >50%, and of those,
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Fig. 2. Pleuroncodes monodon. (A) Map with sampling locations along the southeast Pacific. White squares represent sampling sites within
the northern area that harbors the pelagic form and gray squares the southern area localities with benthic form. (B) Result of ML
phylogenetic analysis. At the end of each branch there is a white or gray rectangle in concordance with the sampling areas shown in map
(A). (C) Median-joining haplotype network. Circles represent haplotypes and their size is proportional to their frequency. Colors relate to
northern and southern areas as shown in map (A). Small black circles represent unsampled or hypothetical haplotypes.

just one was >85%. The 40 haplotypes form a haplotype
network shaped as a very ramified star where haplotypes from
northern and southern areas are mixed (Fig. 2C). Both
phylogenetic and haplotype network analyses show that in-
dividuals from the two forms belong to the same species and
that they are highly genetically connected. Also, pairwise ®gt
between forms (Pst = — 0.013, P = 0.876) shows that there is
no genetic differentiation between pelagic and benthic forms.
There is an overall very high genetic diversity that is similar
among forms (haplotype diversity is 0.995 for the total samples
and for each form separately) (Table 1). Differences between
pairs of sequences, seen in a mismatch frequency distribution
graph, show a similar distribution to the one expected for a
population that has suffered fast growth approximately two
mutational times ago (r = 0.02; P =0.68). The significant and
negative Tajima’s D (D= —1.875) and Fu’s F values (F=
—9.701), give additional support for a population expansion.
Demographic data is consistent with individuals of both forms
sharing a demographic history of a population expansion.

DISCUSSION

The results show no evidence of genetic divergence or geo-
graphic genetic structure between the pelagic and benthic

forms of P. monodon, suggesting that local populations com-
prise a single genetic unit along the coasts of Peru and Chile in
the southeast Pacific. Thus, morphological and ecological/be-
havioural differences between forms of P. monodon are likely
a consequence of heterochronic phenotypic plasticity with
phenotype fixation.

The complete lack of genetic differentiation between forms
(according to ®gt values) is compatible with a high gene flow
scenario between environments that bear different squat lob-
ster forms. Additionally, phylogenetic and haplotype network
analyses show that the two squat lobster forms are not recip-
rocally monophyletic, and demographic genetic analyses sug-
gest that both forms have a common population history. Since
COI is usually highly variable within crustacean species (e.g.,
Sotka et al. 2004; Trontelj et al. 2005; Remerie et al. 2006;
Beenaerts et al. 2010), and considering the lack of COI differ-
entiation between forms, it is unlikely that another genetic
marker (i.e., nuclear variable sequences) may yield significant
genetic differences between the two forms of P. monodon.

Heterochrony has been recognized as a major kind of
developmental dissociation that increases morphological
evolvability and is thus an important mode of evolution
(Cunningham and Buss 1993; Klingenberg 1998; Brigandt
2006; Moczek 2008). For an isopod species of the genus
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Table 1. Genetic diversity indices of Pleuroncodes
monodon along the SE Pacific for each of the forms
and all individuals

Form N S H h b k

Pelagic 22 35 21 0.995 0.007 4.325
Benthic 22 30 21 0.995 0.007 4.893
Total 44 48 40 0.995 0.007 4.430

N, sample size; S, number of segregating sites; H, number of haplo-
types; &, haplotype diversity; m, nucleotide diversity; k, mean number of
pairwise differences.

Haplomesus, the absence of the seventh thoracic appendage is
suggested to be due to heterochrony, that is, the ancestral
juvenile character state of bearing six pereopods is retained
resulting in a paedomorphic species (Kavanagh et al. 2006).
There are varying examples of heterochrony within crusta-
cean species. For example, there is paedomorphic plasticity
in the carapace hingements and inner marginal carapace area
of ostracods (Ozawa and Ishii 2008). Similar to the kind of
heterochrony that may be occurring in P. monodon, some
other species of Crustacea show variations in the timing of
appearance and rates of character development, which occur
at different stages in abbreviated larval development, such as
euphausiids, brachyurans, and anomurans (Makarov and
Maslennikov 1981; Clark 2005; Delgado and Defeo 2006).
Particularly for the anomuran mole crab, Emerita brasiliensis,
Delgado and Defeo (2006) state “The principal benefit to
early maturation is demographic: sexually mature neotenic
males are most likely to succeed since they have less chance of
dying before maturation.” In this species, both long and ab-
breviated ontogenetic pathways are found, and the long one is
probably maintaining the basal population. The short path-
way seems to be a response to population density and female
biased sex ratio. In 1967, Efford had already defined neoteny
as a characteristic of males of the genus Emerita. Species of
the genus Pleuroncodes may have a similar strategy in which
depending on environmental conditions, individuals undergo
the long or abbreviated ontogenetic pathways.

What may be the environmental trigger of the paedom-
orphic phenotype fixation observed in P. monodon? Around
25°S is the southern limit of the geographic distribution of the
pelagic form. Although apparently there are no sharp differ-
ences in environmental conditions (e.g., pronounced peninsula,
particularly strong upwelling, current features) at approxi-
mately 25°S, some differences have been reported. For exam-
ple, from 18°S to 24°S, the Chilean Counter Current, that is
closer to the coast than the Humboldt Current and flows pre-
dominantly equatorward, has its seasonal maximum in the
autumn while it becomes seasonally variable south of approx-
imately 25°S (Blanco et al. 2001; Thiel et al. 2007). Also there

are biotic differences north and south of 24-25°S. Both
demersal and littoral fishes (Mann 1954; Sielfeld and Vargas
1996; Ojeda et al. 2000) as well as peracarids (Thiel 2002) show
a break in the species distribution at 24-25°S (see Thiel et al.
2007). This latitude is not considered as a major biogeographic
break of the coast of Chile, but it is remarkable that some taxa
display a break at 24-25°S and that this coincides with a
“break” in the distribution of the forms of P. monodon. An-
other relevant feature of the north southeast Pacific is that the
upper boundary of the Oxygen Minimum Zone (OMZ) is very
shallow, over 150m, and when approaching the coast it ex-
tends into the shallow euphotic zone (Morales et al. 1999;
Levin 2003; Helly and Levin 2004; Fuenzalida et al. 2009).
Interestingly, the bathymetric distribution of P. monodon over-
laps with the OMZ between 50 and 600 m (Roa et al. 1995).
Even though oxygen concentration may have phenotypic and/
or deleterious effects on organisms in general (Crispo and
Chapman 2008; Ulloa and Pantoja 2009), it has been shown
that P. monodon has physiological adaptations to live in low
oxygen zones. The shallow OMZ may even represent a pre-
dation refuge for the species (Villarroel et al. 2001). It is un-
known the extent of the OMZ and its effect on benthic
communities (Thiel et al. 2007) so maybe, indirectly, it is still
affecting P. monodon in spite of its own adaptability to low
oxygen regimes. Whether one or several of these environmen-
tal features are associated with the observed phenotypic plas-
ticity on P. monodon has yet to be explored.
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