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ABSTRACT: The intertidal zone represents an interesting model system to study adaptation
because several ecological factors change abruptly across this area, causing strong divergent
selective pressures on a scale of meters. On the Galician shore (NW Spain), 3 species (Littorina
saxatilis, Nucella lapillus and Melarhaphe neritoides) show similar adaptation to survive these
abrupt changes. The 3 species have independently evolved morphotypes with similar morpholog-
ical features that occur either in sheltered or exposed environments. However, while in L. saxatilis
and N. lapillus the morphotypes are genetically based, no genetic divergence has been found
between the morphotypes of M. neritoides. To better understand the extent of divergence be-
tween the 2 morphotypes of M. neritoides and the causes of this polymorphism, protein expression
patterns of morphotypes collected from 2 Galician localities were studied. Additionally, mtDNA
genetic diversity and shell morphometrics were studied for a reference population at Silleiro. A
significant and geographically consistent divergence in protein expression was found between
morphotypes kept under controlled laboratory conditions for 1 mo. Morphometric analyses showed
that the morphotypes maintained the differences in shell shape even after being kept for 15 mo
under similar laboratory conditions. No significant genetic differentiation was found between the
2 morphotypes at the mtDNA level despite the high genetic diversity observed. Together, our data
suggest phenotypic plasticity as the most likely cause for the morphotypes and provide putative
candidate loci that can be further studied for a better understanding of the origin of this adaptive
polymorphism.
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INTRODUCTION

When exposed to different environments, the same
genotype may result in distinct phenotypes, a phe-
nomenon known as phenotypic plasticity or standard
reaction norm in an ecological and quantitative ge-
netic context, respectively (Falconer & Mackay 1996,
Pigliucci 2005). The genes involved in such a plastic
response may potentially contribute to adaptation and
therefore to evolution (Pigliucci 2001, 2005, Langer-
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hans & DeWitt 2002, DeWitt & Scheiner 2004, Hollan-
der et al. 2006). In fact, natural selection may maintain
adaptive polymorphisms in a population by acting ei-
ther directly on loci coding for the trait (‘direct adapta-
tion') or on loci controlling a phenotypic plastic re-
sponse for that trait (‘indirect adaptation’) (Garland &
Kelly 2006, Pigliucci et al. 2006, Price 2006). Pheno-
typic plasticity is expected to be preferentially associ-
ated with species with high dispersal abilities, despite
some well-known exceptions (Hollander 2008).
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Intertidal rocky shore areas are extremely hetero-
geneous habitats with strong environmental gradi-
ents from lower to upper shores (Raffaelli & Hawkins
1996). In exposed areas of Galician shores, these en-
vironmental gradients are steep and impose very dif-
ferent ecological pressures on organisms living at
distinct levels, from the strong impact of wave action
on the lower shore to desiccation, heat and osmotic
stress on the upper shore (Rolan-Alvarez 2007).
Accordingly, marine intertidal gastropods from such
microhabitats are very interesting models to study
mechanisms of ecological adaptation (Etter 1996).
Two gastropods with direct development (Littorina
saxatilis and Nucella lapillus; Rolan-Alvarez 2007,
Guerra-Varela et al. 2009) and one with plank-
totrophic larvae (Melarhaphe neritoides; Cuna et al.
2011) show similar and convergent adaptations to the
steep ecological gradient of exposed Galician shores:
the lower shore form (exposed: E) has a relatively
larger shell aperture compared to the upper shore
form (sheltered: S) to lodge a stronger muscular foot
that increases the ability to resist rocky-shore dis-
lodgment during wave impact. The smaller shell
aperture of the upper shore form may reduce desic-
cation and heat stress (Cuna et al. 2011).

Melarhaphe neritoides (L.) is a small dioecious lit-
torinid gastropod that typically lives on intertidal
rocky shores from Mediterranean and Iberian At-
lantic coasts (Fretter & Graham 1980). This species
shows seasonal reproduction, possessing pelagic eggs
and larvae that spend up to 4 to 8 wk in the water col-
umn until juveniles settle on a particular rocky shore
(Johannesson 1992, Cronin et al. 2000). On exposed
rocky shores from Galicia (NW Spain), 2 morphotypes
have been found related to different shore levels and
microhabitats. These 2 morphotypes of M. neritoides
can be found in distant geographic locations, but
no genetic differentiation at a micro-geographical
scale was observed in one study of hundreds of AFLP
markers (Cuna et al. 2011). Shell shape features
characteristic of each of these morphotypes were still
maintained after 9 mo under similar environmental
conditions (Cuna et al. 2011), suggesting that differ-
ences between morphotypes are genetically deter-
mined or caused by phenotypic plasticity mechanisms
acting during early developmental stages.

To fully answer classic adaptive and evolutionary
questions, it is important to follow an integrative
approach at distinct levels. Proteomics — the study of
the protein complement expressed by a genome —is
usually an underrepresented level despite the evi-
dence supporting the importance of studying protein
expression patterns (reviewed by Diz et al. 2012a).

The importance of proteomics in the study of pheno-
typic plasticity has been recently discussed in the
context of global warming and environmental pollu-
tion effects on aquatic organisms (Silvestre et al.
2012). Accordingly, to enhance our understanding of
this evolutionary phenomenon, we tested for signifi-
cant differences between morphotypes at several
levels, including morphology, mtDNA and protein ex-
pression. The proteomic analyses showed high pro-
teome differentiation between morphotypes within
locality, a trend maintained at a wide geographical
scale. Morphometric analyses revealed significant dif-
ferences in shell shape between morphotypes after
15 mo under similar ecological conditions in the
laboratory. Despite this, no significant genetic differ-
entiation was found in the mtDNA between the 2
morphotypes collected in the same locality. Together,
these data suggest phenotypic plasticity to be the
most likely cause for this adaptive polymorphism, al-
though alternative explanations cannot be excluded.

MATERIALS AND METHODS
Sampling and experimental design

Individuals of Melarhaphe neritoides were sam-
pled according to their position on the shore: shel-
tered (S; at the upper level) and exposed (E; at
the lower level), in August 2010. Samples were
collected from 2 rocky shore areas: Silleiro Cape,
Baiona (42°06'15"N, 8°53'56" W) and Roncudo
Cape, Ponteceso (43°16'25" N, 8°59'12" W). These
localities are linearly and geographically separated
by 200 km of rocky shore and Cape Finisterre. A bar-
rier to gene flow has been described across this area
and has been suggested as the most likely cause for
the small but consistent genetic differentiation found
in populations of both direct-developing species and
species with planktonic dispersal (see Fig. 1 from
Pineira et al. 2008, Diz & Presa 2009). Distances
between upper- and lower-shore microhabitats dif-
fered between these 2 sampling localities (30 and 6 m
at Silleiro and Roncudo, respectively) due to different
shore slopes. After collection, specimens were imme-
diately transported to our marine station facilities
(ECIMAT) and kept in aquaria with seawater from an
open circuit. Technical details of the breeding system
for this and other related littorinid species are avail-
able in previous works (Conde-Padin et al. 2007,
2009). The specimens were placed in aquaria ran-
domly positioned in the system to avoid uncontrolled
environmental biases. Ten to 15 individuals, sorted
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by morphotype (S and E) and locality (Silleiro and
Roncudo), were maintained under identical environ-
mental conditions for 1 mo to minimise environmen-
tal effects on protein expression. After this period, a
batch of 240 specimens were collected, immediately
snap frozen in liquid nitrogen, labelled and stored at
—80°C until further proteomic analyses. A second
batch of 40 juvenile specimens from Silleiro was
maintained under similar laboratory conditions for
15 mo. Shell morphometric analyses were performed
in 2 sub-samples of 12 specimens per morphotype.
For genetic analyses, individuals from lower- and
upper-shore microhabitats were collected in Silleiro
and preserved in ethanol until DNA extraction.

Morphometric analysis

Sampled specimens were examined using a Leica
MZ12 stereoscopic microscope. Colour images were
captured with a digital ICA video camera. Shell
images (N = 20) were analysed using 10 landmarks
positioned on the digitalised shell images (see Cuna
et al. 2011), following the approach used in other
related snail species (Carvajal-Rodriguez et al. 2005,
Conde-Padin et al. 2007, Guerra-Varela et al. 2009).
For each specimen, size was measured by the cen-
troid size (CS), whereas shape was measured using
both the uniform component (Ul and U2) and the
relative warps (RW) (Rohlf & Slice 1990, Bookstein
1991, Rohlf & Marcus 1993, Rohlf & Bookstein 2003,
Zelditch et al. 2004, Carvajal-Rodriguez et al. 2005).
The relative warps were computed excluding the
uniform component (to study globosity separately),
using the algorithm described by Rohlf & Marcus
(1993), following the procedure applied by Carvajal-
Rodriguez et al. (2005). We used the scaling option
o = 0, which weights all landmarks equally (Rohlf
et al. 1996). All calculations were performed using
the software TpsDig and TpsRelw (both available at
http://life.bio.sunysb.edu/ee/rohlf/software.html), and
MODICOS (Carvajal-Rodriguez & Rodriguez 2005).

miDNA analyses

The high mutation rate of mtDNA and its usually
lower effective population size make this genetic
marker a useful tool to reveal weak genetic diver-
gence between populations, providing an additional
source of data that can be compared with results
from AFLP markers. To test for genetic divergence
between the 2 morphotypes, we sequenced a frag-

ment of the mitochondrial gene cytochrome c oxidase
subunit I (COI) for 31 and 18 individuals of the
exposed and sheltered morphotypes, respectively.
Total genomic DNA was extracted from a portion of
foot muscle following standard procedures (Sam-
brook et al. 1989). COI was amplified according to
Folmer et al. (1994) and Sanger sequenced with the
primers used in the PCR amplification. Sequences
were trimmed to a 606 bp fragment and aligned
manually with Bioedit 7.0.9.0 (Hall 1999). All haplo-
types were submitted to EMBL Nucleotide Sequence
Database (accession numbers: HF548151-HF548199).
Haplotype networks were estimated with TCS (ver-
sion 1.21; Clement et al. 2000) using 94 % statistical
confidence as the parsimony connection limit (Tem-
pleton et al. 1992). To test for genetic differentiation
between morphotypes, exact-tests of population
differentiation (Raymond & Rousset 1995) were per-
formed, and Fst (Wright's fixation index) values be-
tween morphotypes and their statistical significance
(1000 permutations) were estimated using ARLE-
QUIN version 3.11 (Excoffier et al. 2005). DnaSP
(Rozas et al. 2003) was used to calculate population
diversity indexes.

Proteomic analyses

A pooling sample strategy was followed for protein
extraction to reduce the biological variation and
increase the statistical power in the experimental
design (Diz et al. 2009). This strategy was success-
fully applied in 2 previous studies in another marine
snail (Martinez-Ferndndez et al. 2008, 2010). Each
sample included 20 similarly sized specimens to
diminish any within-pooled sample bias (see Diz et
al. 2012a). Three samples (biological replicates) were
prepared for each morphotype (E and S) and locality
(Roncudo and Silleiro), i.e. a total of 12 biological
replicates. Two of these 12 samples were analysed
twice (i.e. technically replicated) to estimate the
technical noise in the experimental procedure. Pro-
teins were extracted from each pooled sample (with-
out shells) and solubilised in lysis buffer (7 M urea,
2 M thiourea, 4 % CHAPS, 1% DTT and 1% IPG), at
a constant ratio of ~30 mg of tissue per 1 ml of lysis
buffer. This procedure was accelerated by tissue
disruption by sonication (Branson Digital Sonicator
250) using 10 blasts of 25% amplitude and 5 s each,
with 10 s breaks. This was done on ice to avoid pro-
tein overheating. After centrifugation for 30 min at
21000 x g and 15°C, the pellet was discarded, and
the protein supernatant was stored at —80°C until
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electrophoresis. Protein concentration was measured
with a modification of the Bradford method (Ramagli
& Rodriguez 1985).

Proteins were analysed by 2-dimensional electro-
phoresis (2-DE) in batches of 6 gels/samples per run
following a randomising block design for minimising
technical variation (see Diz & Skibinski 2007). A total
of 80 ng of total protein was used per 2-DE gel. The
first dimension of separation was performed through
isoelectric focusing (IEF), carried out on immobilised
pH gradient strips (pH 5-8/17 cm, BioRad) with a
Protean IF System (BioRad) and including an active
strip-rehydration step, followed by 2 consecutive
steps of strip equilibration (2 x 15 min) with dithio-
threitol (DTT) and iodoacetamide (IAA), respectively.
The second dimension of gel electrophoresis was
carried out with labcast 12.5% polyacrylamide gels
(22 x 27 x 0.1 cm?® from GE Healthcare) using an elec-
trophoresis system (Ettan Daltsix, GE Healthcare).
Electrophoresis was carried out at 20°C, using an
F12-MC refrigerated/heating circulator system (Julabo
labortechnik), and at a constant current of 15 W gel‘1
for ~5 h until the bromophenol blue front reached
the bottom of gels. Protein spots were visualised by
a modified version of the silver staining method
described by Heukeshoven & Dernick (1985). Silver
stained gels were scanned at high resolution by an
Image Scanner (BioRad), and 2-DE gel images were
saved as TIFF files. Semi-automatic alignment of
2-DE gel images, protein spot detection and volume
measurements were accomplished by Progenesis
SameSpots software version 3.3 (Nonlinear Dynam-
ics). A careful final spot-filtering step was carried out
to exclude technical artefacts and saturated or not
well defined spots (e.g. due to streaking). SameSpots
ensures that zero or negative spot intensity values
are not returned by the software, a convenience for
subsequent statistical analysis.

Absolute spot volumes provided by 2-DE software
were normalised for each gel and then transformed
to a logarithmic scale in order to better fit normality
and homoscedasticity (see Diz & Skibinski 2007). The
transformed volume of each protein spot (dependant
variable) was analysed by a 2-way ANOVA with fac-
tors Morphotype (fixed; with S and E treatments),
Locality (random; Silleiro and Roncudo) and their
interaction. The SGoF multitest adjustment (Carva-
jal-Rodriguez et al. 2009) was applied on the whole
set of p-values obtained from previous analyses at
5% and 1 % significance level to account for the mul-
tiple hypothesis testing problem (reviewed by Diz et
al. 2011). Statistical analyses were done with SPSS/PC
version 17.0. The frequency of significant spots (after

multitest adjustment) between treatments or factors
in the ANOVA was compared with likelihood G-tests
performed with POPTOOLS (Hood 2010), allowing
a statistical robust comparison across factors (Allison
et al. 2006).

RESULTS
Proteomic comparison

Normalised and log-transformed protein spot vol-
umes were individually analysed by a 2-way ANOVA
(n =532 spots). Significant differences in the proteome
analysed were observed between morphotypes but
not between localities (or interaction), regardless of
the significance level used (5 and 1 %; Table 1). Inter-
estingly, 1-way ANOVA returned slightly different
results, i.e. the quantitative differentiation in protein
expression between morphotypes significantly dif-
fered between localities (16 % in Silleiro and 6.4 % in
Roncudo; G-test=24.7, df =1, p <0.001). According to
our results, 14 (41.2%) of the protein spots showing
significant differences in expression between morpho-
types in Roncudo also showed significant expression
differences in Silleiro. Such percentage increased to
88 % when using those spots that showed significant
differences in expression (p < 0.05) between the 2
morphotypes in Silleiro without applying any multitest
adjustment. The fold-change parameter (the relative
expression ratio between the 2 morphotypes) obtained
for each spot showed a high correlation (r =0.8; n = 14;
p < 0.01) between the 2 localities. Table 2 shows the
results from this comparative analysis for the 14 spots
that showed significant differences in expression in
both localities. Of these 14 protein spots, 6 showed an
up-regulated expression in the sheltered morphotype,
while 8 spots were up-regulated in the exposed
morphotype. The location of these protein spots in the
2-DE protein map is shown in Fig. 1.

Table 1. Percentage of significant protein spots (n = 532)

from a 2-way ANOVA for each factor (Morphotype, Locality

and Interaction) at 5% and 1% significance level, after ap-

plying the corresponding multitest adjustment. A likelihood

G-test was used to check the frequency of significant loci
between factors. ***p < 0.001

Factors Significance level
5% 1%
Morphotype 22.6 14.3
Locality 0 0
Interaction 0 0
G-test 245*** 158***
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Table 2. Fold changes of protein expression (sheltered/ex-
posed morphotypes) in each sampling locality observed for
protein spots that significantly differed in expression be-
tween morphotypes in both localities after applying a multi-
test correction (p < 0.05). Notice that differences in protein
expression between morphotypes (fold change) are signifi-
cantly similar across localities in all cases (p of binomial test
is < 0.0005). *p <0.05, **p < 0.01, ***p < 0.001

SPOT Fold change (ratio sheltered/exposed)
Silleiro Roncudo
29 4.63*** 1.91*
32 3.50*** 2.40*
248 2.52*** 3.11**
303 0.55*** 0.47*
311 1.59*** 1.75%**
313 0.30*** 0.29***
332 0.49** 0.55*
354 0.56** 0.53*
380 1.18* 1.39*
461 0.49* 0.36**
505 0.44*** 0.46**
512 0.29*** 0.30**
519 0.59* 0.48***
520 1.27** 1.70***
Morphometry

Significant differences in shell size (CS) and shape
(for RW1) (Table 3) were still observed between indi-
viduals collected in Silleiro at different shore levels
after spending 15 mo under similar laboratory con-
ditions. These results mirror those previously re-
ported for individuals from different shore levels
kept under similar conditions for 9 mo (Cuna et al.
2011). In agreement with this work, the individuals
from the lower shore presented a slightly larger shell
aperture than those collected from the upper shore
(data not shown).

Table 3. Melarhaphe neritoides. Morphometric measurements
taken from specimens sampled in Silleiro and maintained for 15 mo
under identical laboratory conditions. Mean values per morph (n =
12) and SD in parentheses. CS: centroid size (in mm); U: uniform

component; RW: relative warp; ns: not significant, **p <0.01

Morph cs Ul U2 RWI RW2 RW3
Exposed  0.33  0.007 -0.005 -0.02 -0.004 0.009
(Lower)  (0.011) (0.006) (0.003) (0.009) (0.006) (0.008)
Sheltered 0.37 -0.007 0.005 0.02  0.003 -0.009

(Upper)  (0.009) (0.008) (0.003) (0.009) (0.010) (0.005)
FANOVA 10.3** 1.8™  3.9% 10.5** 047 3.4

Morphotype S
5 6 el 7

[e-]

Morpholtype E
5 6 P 7

©

MW
(KD)

97
66

45

21

14

Fig. 1. Two-dimensional electrophoresis gels showing the

proteome of Melarhaphe neritoides from exposed (E) and

sheltered (S) morphotypes. Arrows show numbered protein

spots with significant differences in expression between

morphotypes in both sampling localities. MW: molecular

weight; pl: isoelectric point. Statistical information for these
protein spots is given in Table 2

mtDNA analyses

The results from mtDNA sequencing (summarised
in Table 4 and depicted in the haplotype network
represented in Fig. 2) reveal very high levels of
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Table 4. Summary statistics of mtDNA diversity observed

within each morphotype and in the entire sample at Silleiro

Cape. n: sample size; S: number of segregating sites;
Hd: haplotype diversity; n: nucleotide diversity

Morphotype n S Hd T

Exposed 31 72 0.998 0.01951
Sheltered 18 49 0.994 0.01883
Total 49 95 0.995 0.01922

genetic diversity within Silleiro, with 46 haplotypes
detected in the 49 individuals sampled: 30 haplo-
types in the E morphotype (n = 31) and 17 in the S
morphotype (n = 18). From the 606 nucleotide posi-
tions analysed, 95 (16 %) were polymorphic, resulting
in 21 (10 %) amino acid substitutions. No evidence for
nuclear copies, such as stop codons or heterozygous
positions, was detected. Despite this high genetic
diversity, no significant genetic divergence was
observed between the 2 morphotypes according to
the results of the exact-tests (p > 0.05) and Fsranaly-
sis (Fst = —0.005; p >> 0.05).

G—d—————®

Fig. 2. Statistical haplotype network of a 606 bp fragment of cytochrome c oxi-
dase I of Melarhaphe neritoides. The area of each circle is proportional to hap-
lotype frequency; numbers inside the circles represent haplotype codes. For
each haplotype, the area filled (white/grey) is proportional to the number of
individuals from each morphotype: (white) lower shore (exposed) morpho-
type and (grey) upper shore (sheltered) morphotype. Black dots represent in-
ferred missing haplotypes, and black lines connecting haplotypes or missing

haplotypes represent a single mutation

DISCUSSION

Results from the present study show that the mor-
phological divergence previously reported for the
Galician morphotypes of Melarhaphe neritoides
(Cuna et al. 2011) further extends to the proteomic
level, with significant expression differences de-
tected in up to 20% of the protein spots analysed.
Similar to the pattern of morphological divergence
(Cuna et al. 2011 and the present work), the reported
proteomic differences between morphotypes are
maintained after individuals are kept under con-
trolled laboratorial conditions, suggesting that these
differences are due to genetic differences and/or to
permanent or long-term persistent phenotypic plasti-
city induced during early ontogenetic stages. Under
the genetic hypothesis and given the large pro-
portion of protein spots showing significant differ-
ences between morphotypes, we would expect sub-
stantial genetic divergence between these forms.
Contrary to these expectations, the results of Fgr
analyses and exact-tests show no significant genetic
differences between the 2 morpho-
types in the mtDNA, despite the high
genetic diversity observed among
the individuals sampled (see Table 4,
Fig. 2). Although patterns of mtDNA
diversity and divergence may be
strongly influenced by historical de-
mography and/or selective events
(see Gillespie 2000, 2001, Ballard &
Whitlock 2004, Bazin et al. 2006,
Galtier et al. 2009), the lack of genetic
divergence reported here is in total
agreement with previous results ob-
tained with 657 AFLP markers (Cuha
et al. 2011) and further supports phe-
notypic plasticity as the main cause
for the protein and morphological
polymorphism. However, the (genetic)
hypothesis that a few regulatory
genes could be influencing expression
levels in a large number of genes (i.e.
those involved in the protein expres-
sion patterns observed) cannot be
ruled out (see different mechanisms in
Jaenisch 1997). Note that these 2 hy-
potheses are not mutually exclusive,
and both factors may be contributing
to the observed differences. In this
context, the 14 protein spots that show
significant and consistent differences
in expression between morphotypes
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in 2 distinct sampling locations (Table 2) represent
good candidates to further study the evolutionary
mechanism promoting the divergence between these
2 morphotypes. Information regarding the expres-
sion of these proteins under different environmental
conditions and developmental stages can provide
important information to support one or even both
hypotheses. Also, the identification of these proteins,
their coding genes and promoter regions will allow
testing for the presence of genetic differences that
could explain the expression differences.

Significant differences in the percentage of signifi-
cant protein spots between morphotypes were ob-
served between Silleiro and Roncudo (16 and 6 %,
respectively) when the analysis was done within
locality. Under the phenotypic plasticity hypothesis,
these differences could be explained by ecological
differences between the 2 sampling localities. In fact,
the lower- and upper-shore microhabitats in the 2
localities are slightly different, as these habitats are
separated by >30 m in Silleiro but by <10 m in
Roncudo (E. Rolan-Alvarez pers. obs.). Alternatively,
these differences could be due to a sex or develop-
mental stage bias in the samples compared. How-
ever, 3 biological replicates of 20 individuals each
were performed for each morphotype in each sam-
pling locality, thus making sampling bias less likely.
Additionally, low differences were found in gene
expression between sexes in Littorina saxatilis,
another littorinid species: ~1.8% for transcripts
(Martinez-Ferndndez et al. 2010) and <5 % for pro-
teins analysed (A. Diz unpubl. data), while ecotype
differences in protein expression remained almost
constant across ontogeny (Diz et al. 2012b). Never-
theless, sexual or anatomical differentiation between
Melarhaphe neritoides morphotypes was not appar-
ent in the studied samples.

Taken together, our results better support pheno-
typic plasticity as the most likely hypothesis to ex-
plain the proteomic and morphologic divergence ob-
served between the 2 morphotypes of Melarhaphe
neritoides. Phenotypic plasticity would also better
conform to the expectations for a species with
pelagic larvae, for which dispersal is mostly con-
trolled by external factors, such as sea currents,
with the scale of dispersal being much larger than
the scale of ecological shifts. If so, M. neritoides may
have evolved specific mechanisms that cause stable
environmentally mediated changes in patterns of
gene expression during early ontogeny, perhaps as
a general strategy to deal with the environmental
variation faced by the planktonic larvae. Such early
environmental imprinting has already been described

for several species (see Whitman & Agrawal 2009)
and suggested under different epigenetic phenom-
ena, e.g. via differential DNA methylation levels
(Jaenisch 1997). In fact, several cases of adaptive
phenotypic plasticity in plants have been shown to
be due to differences in the environment experi-
enced by parents that influence the developmental
trajectories of progeny (either due to methylation or
other epigenetic mechanisms; Uller 2008). To con-
firm the role of phenotypic plasticity on divergence
observed between the morphotypes of M. nerito-
ides, further experimental efforts are required, in-
cluding the laboratory breeding of individuals from
both morphotypes under a variety of environmental
conditions.

If phenotypic plasticity proves to be the mechanism
causing shell and proteomic variation in Melarhaphe
neritoides, this species would represent an inter-
esting contrasting model to Littorina saxatilis and
Nucella lapillus. These latter species present eco-
types with similar morphological adaptations to those
found in M. neritoides. However, L. saxatilis is a clear
example of direct adaptation, as strong genetic dif-
ferentiation can be found in some markers, sug-
gesting a genetic basis for the morphological and
anatomical divergence (reviewed by Rolan-Alvarez
2007). In N. lapillus, the ecotypes can be linked to a
chromosome polymorphism, thus supporting genetic
determination as the most plausible explanation for
this adaptive process (Guerra-Varela et al. 2009).
When compared to L. saxatilis, M. neritoides shows a
similar degree of proteome differentiation between
morphotypes (Martinez-Fernandez et al. 2008, Diz et
al. 2012b). These results suggest that phenotypic
plasticity mechanisms can be as effective as geneti-
cally determined mechanisms in causing protein
expression divergence and may play an important
role in adaptation and evolution. In this context, and
bearing in mind that knowledge on the genetic basis
and molecular mechanisms of phenotypic plasticity is
still rather limited (Pigliucci 2001, 2005), M. neri-
toides may represent a key model system to study
this adaptive process. Note that such an important
plastic response in gene expression (affecting up to
20% of the proteome studied) should probably be
adaptive. In fact, it has been suggested that the main
evolutionary relevance of plastic responses in the
wild comes from the opportunity to maintain adap-
tive polymorphism without fitness costs (Pigliucci
2005). In any case, the study of morphotype forma-
tion and its maintenance in M. neritoides can provide
valuable information for understanding adaptation
through phenotypic plasticity.
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