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Natural selection can play an important role in the maintenance of genetic polymorphisms, despite ongoing gene
flow. In the present study, we use previously analysed allozymic loci and perform an FST outlier-based analysis to
detect the signatures of divergent selection between sympatric ecotypes of the marine snail Littorina saxatilis at
different localities. The results obtained show that different allozyme polymorphisms are affected (directly or
indirectly) by selection at distinct geographical regions. The Phosmogluco mutase-2 locus was the best candidate
for adaptation and further biochemical analyses were performed. The kinetic properties of the three more common
genotypes of Pgm-2 were studied. The results obtained are concordant with two alternative hypotheses: (1) natural
selection is acting directly on this locus or, more probably, (2) selection is affecting a genomic region tightly linked
to the enzyme locus. In both cases, the known existence of a parallel and partially independent origin of these
ecotypes would explain why different candidate loci were detected in different localities. © 2009 The Linnean
Society of London, Biological Journal of the Linnean Society, 2009, 98, 225–233.
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INTRODUCTION

Biologists have been traditionally impressed with the
existence of natural polymorphisms because they can
be used as models to study the evolutionary forces
underlying the maintenance of the genetic variation
in the wild (Endler, 1986). There is a large contro-
versy about the causal mechanisms explaining
natural variation in allozymes. Some meta-analyses
have shown that, as a whole, allozymic polymor-
phisms behave more like neutral than selective varia-
tion (Kimura, 1991; Merilä & Crnokrak, 2001).
However, a large number of studies have also found
that some of the alleles segregating in various allozy-
mic loci and species were adaptive (Hedrick, Ginevan
& Ewing, 1976; Nevo, Shimony & Libni, 1977; Kohen,

Zera & Hall, 1983; Johannesson, Johannesson &
Lundgren, 1995; Powers & Schulte, 1998; Panova &
Johannesson, 2004). It is possible, however, that
natural selection is affecting genomic regions tightly
linked to the allozyme locus under study (Endler,
1986), giving the wrong impression that it directly
affects the allozyme. Moreover, the observed kinetic
differences of a particular metabolic allele/genotype in
laboratory conditions could be irrelevant in vivo; for
example, if the enzyme lacks of any regulatory prop-
erty on its metabolic pathway (Hochachka & Somero,
2002; Somero, 2004). In summary, there is some con-
sensus that allozymic polymorphism can be directly
affected by natural selection in certain cases,
although the problem can be to find convincing evi-
dence, as well as to unravel the mechanism respon-
sible. Moreover, even if natural selection is acting on
allozymic polymorphisms directly, it can be produced
by means of three different mechanisms (Somero,
2004): by (1) changes in the amino acid sequence of
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the protein producing adaptive variation; (2) changes
in gene expression and protein turnover; and (3)
changes in the cellular microenvironment where the
protein functions. The latter can be produced if two
different alleles are expressed on different genetic
pools or on different environments.

Organisms living in habitats showing strong envi-
ronmental gradients such as the rocky intertidal are,
a priori, appropriate for finding cases where natural
selection is responsible for the maintenance of some
allozymic polymorphisms (Raffaelli & Hawkins,
1996). Littorina saxatilis is a widespread intertidal
marine snail. It is highly polymorphic and ecotypic
variation can be found within a few meters. This is
partly a result of its nonplanktonic development and
the low mobility of the adults (Reid, 1996; Rolán-
Alvarez, 2007). Two ecotypes of L. saxatilis are found
in the exposed rocky shores of Northwest Spain,
which are adapted to different shore levels (Rolán-
Alvarez, 2007). The RB ecotype inhabits the upper
shore. The SU ecotype, smaller in size and thin-
shelled, is adapted to the heavily wave-exposed lower
shore. The mid-shore represents an intermediate
environment and both ecotypes are found in sympa-
try; at this level, there is ongoing gene flow via
hybridization, despite partial assortative mating.
Divergent natural selection is responsible for the
maintenance of the RB-SU polymorphism (Rolán-
Alvarez, 2007) and this is reflected at the genomic
level (Galindo, Morán & Rolán-Alvarez, 2009). In the
present study, we reanalyse previously made avail-
able allozymic data (Rolán-Alvarez et al., 2004) with
the aim of detecting signatures of selection within the
studied allozyme loci by means of an FST outlier-based
analysis. Then, we performed a biochemical study
with phosphoglucomutase-2, which showed the stron-
gest divergence between the ecotypes, aiming to
unravel the kinetic properties of the different geno-
types of Pgm-2.

MATERIAL AND METHODS
EXPERIMENTAL DESIGN AND REANALYSIS OF

ALLOZYME VARIATION

We studied three different shores (Corrubedo; Sil-
leiro, 52 km south of Corrubedo; Cetarea, 25 km
south of Silleiro) from Northwest Spain. Four
samples were collected within locality RB upper, RB
mid, SU mid and SU lower (for further details, see
Rolán-Alvarez et al., 2004: fig. 1). This reanalysis of
the 2003 allozyme data set was performed on 624
snails (22–30 per sample) analysed for six allozymic
loci: leucine aminopeptidase (Lap; EC 3.4.1.1), phos-
phoglucose isomerase (Pgi; EC 5.3.1.9), aspartate
aminotransferase-1 (Aat-1; EC 2.6.1.1), arginine

kinase (Ark; EC 2.7.3.3), purine nucleoside phospho-
rilase (Pnp; EC 2.4.2.1), and phosphoglucomutase-2
(Pgm-2; EC 5.3.1.9). Allele frequencies were calcu-
lated using GENEPOP, version 3.4 (Raymond &
Rousset, 1995).

DETECTION OF OUTLIER LOCI

We used an FST outlier-based analysis (Beaumont &
Nichols, 1996; Beaumont, 2005) for detecting
selection in our survey of allozymic polymorphism.
Analyses were carried out in FDIST2 (http://www.
rubic.reading.ac.uk/~mab/software.html), which gen-
erates a neutral null distribution of genetic differen-
tiation (FST), conditional on heterozygosity (HE), with
mean FST similar to the empirical FST. This is a key
parameter in the analysis because it is representative
of the level of gene flow for neutral loci. This empiri-
cal FST was obtained from amplified fragment length
polymorphism (AFLP) loci analysed for the same
samples (Galindo et al., 2009) because the number of
allozyme loci was too low to have an unbiased non-
selective measure of population differentiation. As
suggested by Caballero, Quesada & Rolán-Alvarez
(2008), a trimmed mean FST was used (Galindo et al.,
2009). Neutral FST distributions were obtained after
simulating 50 000 loci. Allozyme loci significantly
(P < 0.01) higher than the neutral null distribution
are considered as outlier loci (i.e. candidate loci of
adaptation). Two different types of pairwise compari-
sons were performed within each locality: ‘between
ecotypes’, pooling transects and comparing upper
versus lower and mid-RB versus mid-SU (these
comparisons can be considered pseudoreplicates) and
‘within ecotype’, comparing transects within level
(four levels: upper, mid-RB, mid-SU, and lower). We
assume that outliers are more likely to be affected by
divergent selection (directly or indirectly) when pseu-
doreplicated comparisons between ecotypes assign the
same candidate loci. Although other interpretations
are possible, outliers could be false positives (with an
a priori expectation similar to the significance level
used). We performed, a posteriori, an FDR multitest
adjustment (Benjamini & Hochberg, 1995) using
the SGoF software (http://webs.uvigo.es/acraaj/
SGoF.htm).

SAMPLING AND EXTRACTS PREPARATION OF

PGM-2 GENOTYPES

We collected new samples from our Silleiro site to
study the Pgm-2 activity because this locus showed
the strongest differentiation between the ecotypes
(Rolán-Alvarez et al., 2004). We collected 104 RB
specimens from upper shore and 94 SU from the
lower shore. Each individual was genotyped for
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Pgm-2 from a small piece of tissue (2 mm2), the rest of
the snail was maintained at -85 °C for further kinetic
analysis of the phosphoglucomutase activity.

Conventional protein electrophoresis in horizontal
starch gels was used for the allozyme analysis of
Pgm-2 (Rolán-Alvarez et al., 2004). Six genotypes, the
homozygotes of the three alleles (Pgm-2100, Pgm-2110,
and Pgm-2115) and their heterozygotes were present in
the RB ecotype. However, only one genotype, Pgm-
2100/100, was found in the SU ecotype. Those RB indi-
viduals genotyped as Pgm-2110/100 and Pgm-2110/110, and
those SU with genotype Pgm-2100/100, were used for the
enzyme activity analysis. Samples within genotype
were pooled and the same amount of tissue (0.5 g),
but with a different number of individuals because of
differences in size between the ecotypes (30 RB indi-
viduals for Pgm-2110/100 and Pgm-2110/110 and 90 SU for
Pgm-2100/100), was used for each pool to measure the
enzyme activity under the same conditions.

KINETIC CHARACTERIZATION OF PGM-2 GENOTYPES

For the kinetic study of Pgm, the pooled tissues of
each genotype were homogenated in five volumes
(w/v) of ice-cold Tris-acetate buffer (40 mM; pH 7.0),
containing imidazole, ethylenediaminetetraacetic acid
and b-mercaptoethanol in a concentration of 5 mM,
10 mM NaF and 0.12 M KCl. The homogenate was
centrifuged for 30 min at 15 400 g and 4 °C. The
supernatants (enzyme extracts) were stored at -85 °C
until used. Before the measurements of enzyme activ-
ity, the enzyme extracts were dialysed against 30
volumes of extraction buffer without KCl. The enzyme
activity was assayed spectrophotometrically coupling
the glucose-6-phosphate (G6P) production to the
NADP+ reduction, via G6P dehydrogenase (G6PDH)
and measuring the increase of optic density at 340 nm
because of NADPH formation (King, 1974). The reac-
tion mixture contained 100 mM Tris-acetate buffer
(pH 7.5), 0.1 M MgCl2, 10 mM glucose-1-phosphate
(G1P), 10 mM NADP+, 50 mM glucose-1,6-
diphosphate, 0.5 IU of G6PDH and the enzyme
extract in a total volume of 1 mL. The unit of activity
(IU) was defined as the amount of enzyme catalysing
the formation of 1 mmol G6P in 1 min at 20 °C. A
negative control without the substrate (G1P) was
used to discard unspecific activities.

For each genotype, the kinetic parameters and
optimum of pH and temperature were calculated. The
apparent Km and Vmax values were estimated using
Lineweaver–Burk double-reciprocal plots. Optimum
pH was determined by Pgm activity at various pH
values in the range 6.8–9.0 at 20 °C. Optimum tem-
perature of enzyme was determined by Pgm activity
at temperatures in the range 5–55 °C at pH 7.5.
These data allow us also to calculate the energy of

activation (Ea) from the Arrhenius plot of log (enzyme
activity) versus 1/T and expressed as kJ/mol
(Whitaker, 1972).

To determine enzyme thermal stability, the enzyme
activity was assayed at 20 °C and pH 7.5 after incu-
bation of enzymatic extract for 1 h to different tem-
peratures in the range 5–55 °C. The rate of the Pgm
stability response to 10 °C changes was quantified by
calculating the temperature coefficient or Q10. The
temperature coefficient (Q10) has been related to the
degree of adaptation to temperature on its habitat
(Hochachka & Somero, 1984, 2002); Q10 > 2.0 is con-
sidered to reveal evidence of important adaptative
change; Q10 = 1.0 indicates an interval of thermal
insensitive or temperature independence; whereas
Q10 < 1.0 indicates lethal effects of high temperatures
and an irreversible damage and loss of function
(Hochachka & Somero, 2002).

Each data value corresponds to the mean of
three determinations. Regression coefficients of
Lineweaver–Burk and Arrhenius plots were in the
range 0.95–0.99. Results are given as the mean ± SD.
A sign test was used to test the differences between
the continuous distributions of the variables assayed.

RESULTS
OUTLIER DETECTION AND CLINES IN

ALLELE FREQUENCIES

The results of the outlier analysis with FDIST2 are
summarized in Figure 1 showing the FST/HE plots for
between and within ecotype comparisons and for each
one of the localities (for further results of the outlier
analysis, see Supporting information, Appendix S1).
Comparisons ‘within ecotype’ did not detect outliers,
as expected from samples collected in similar habi-
tats. However, for the comparisons ‘between ecotypes’,
three loci (Lap, Aat-1, and Pgm-2; Fig. 1) fell outside
the neutral expectations (P < 0.01) in both pseudorep-
licates, and after FDR multitest correction. In Cor-
rubedo, Lap (average FST = 0.206) was detected as
outlier. Aat-1 was detected in Silleiro (0.183) and
Pgm-2 in Silleiro (0.443) and Cetarea (0.256). Lap
was also significant in Cetarea in one of the compari-
sons (mid-RB versus mid-SU), but the FST value was
low (0.044) and this locus was located in the lower tail
of the FST/HE distribution, where the method loses
accuracy. The consistency observed between the pseu-
doreplicates for the detection of outliers provides
additional support for a role of natural selection in
the maintenance of these polymorphisms. The clines
for the alleles involved in the divergence between
ecotypes for each one of the outlier loci (Lap, Aat-1,
and Pgm-2) are presented in Figure 2. The steepest
cline was observed for Pgm-2 which also showed a
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significant ecotype differentiation in four of the six
pairwise comparisons. This confirms that Pgm-2 was
the best choice for a detailed biochemical study of its
genotypes.

KINETIC PARAMETERS OF PGM-2 GENOTYPES

The kinetic parameters (Km, Vmax, and Ea) are pre-
sented in Table 1. Pgm-2100/100 showed significant
higher phosphoglucomutase activity (Vmax) and affinity
for the substrate (lower Km) than Pgm-2110/110 (P < 0.01).

The heterozygote Pgm-2110/100 showed intermediate
values between both homozygotes in these parameters.
Accordingly, we also observed significant differences
for activation energy (Ea) between the homo-
zygotes (P < 0.01). The lower value of Ea, estimated
in the range 10–40 °C, was found in Pgm-2100/100,
with both Pgm-2110/110 and the heterozygote showing
very similar values (Table 1). On the other hand,
the three genotypes studied did not differ significantly
in their pH and temperature optimum (Fig. 3A, B),
with values in the range pH 7.5–7.8 and 45–50 °C,
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Figure 1. Summary of the FST outlier analysis showing the FST/HE plots with the empirical allozyme data (points) and
the 99 percentile of the neutral distribution (lines) for each level [upper versus lower and mid-RB (inhabits upper shore)
versus mid-SU (smaller in size and thin-shelled, inhabits wave-exposed lower shore)] and locality (COR, Corrubedo; SIL,
Silleiro; CET, Cetarea). Solid lines and circles represent the comparison between ecotypes (RB versus SU), dotted lines
and squares comparisons within RB (transect 1 versus transect 2) and dashed lines and triangles comparisons within SU.
Loci detected as outliers (P < 0.01; see Material and Methods) are represented by filled symbols. RB ecotype inhabits the
upper shore.
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respectively. Similarly, the thermal stability of the
protein structure (Fig. 3C) was not significantly differ-
ent between the studied genotypes (P > 0.05). How-
ever, there was a trend suggesting that Pgm-2110/110 and
Pgm-2110/100 presented higher thermal stability than
Pgm-2100/100. The Q10 values corroborate this trend
(Table 2): the genotype Pgm-2100/100 showed values
below 1 at temperatures higher than 25 °C, whereas
Pgm-2110/100 and Pgm-2110/110 showed values near 1 until
30 and 35 °C, respectively. These results suggest that
the allele Pgm-2110, present in the upper shore, has a
higher thermal stability and lower activity, which
could be an adaptation to the environmental stresses
present in this habitat (i.e. desiccation) because of the
reduction in the metabolic rates.

DISCUSSION

Littorina saxatilis ecotype variation (i.e. RB and SU
ecotypes in Spain, H and M ecotypes in the UK and E
and S in Sweden) is becoming a key model system in
evolutionary biology because of its implications in the
study of local adaptation and speciation (Johannes-
son, 2003; Quesada et al., 2007; Rolán-Alvarez, 2007).
In the present study, we reanalyse allozymic data
from Rolán-Alvarez et al. (2004) with the aim of
detecting possible signatures of natural selection in
this data set. Previous publications have already
reported steep adaptive clines in allele frequencies for
different allozyme loci in other L. saxatilis popula-
tions (Johannesson & Johannesson, 1989; Johannes-
son et al., 1995; Johannesson & Tatarenkov, 1997;
Panova & Johannesson, 2004) or in other organisms
(Koehn, Hall & Zera, 1980; Anderson, McDonald &
Santos, 1981; Watt, Donohue & Carter, 1996; Giokas,
Pafilis & Valakos, 2005), although these authors did
not use FST outlier-based analysis. We show that Lap,
Aat-1, and Pgm-2 could be potentially affected (i.e.
directly or indirectly) by divergent natural selection
in L. saxatilis populations from Northwest Spain.
A similar result has been reported in Aat for this
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Figure 2. Alleles showing clines in frequency across the
vertical shore gradient (upper, mid and lower-shore) for
outlier loci (Lap110, Aat-1100, and Pgm-2100) in the three
studied localities (Corrubedo, Silleiro, and Cetarea).
Mid-RB (inhabits upper shore) and mid-SU (smaller in
size and thin-shelled, inhabits wave-exposed lower shore)
represent sympatric populations and they were collected
in the same shore level (mid-shore). COR, Corrubedo; SIL,
Silleiro; CET, Cetarea.

Table 1. Kinetic parameters and energy of activation (Ea)
of the different Pgm-2 genotypes studied for Littorina
saxatilis

Genotype Km (mM) Vmax (IU mL-1) Ea (kJ mol-1)

110/110 0.050 ± 0.001 0.447 ± 0.002 13.61 ± 0.034
110/100 0.040 ± 0.003 0.645 ± 0.005 12.82 ± 0.030
100/100 0.032 ± 0.012 0.685 ± 0.011 10.33 ± 0.005

Values represent the mean ± SD over three determina-
tions. Km and Vmax relative to substrate (glucose-1-
phosphate); Ea calculated from Arrhenius equation in the
range 10–40 °C (see Material and Methods).

ADAPTATIVE VARIATION OF ALLOZYMES 229

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 225–233



species in populations from Sweden: the allele Aat100

is present preferentially on the lower shore, whereas
the allele Aat120 is preferentially present on the mid
shore (Johannesson & Johannesson, 1989; Johannes-
son et al., 1995), although we found the opposite
pattern in the present study (Fig. 2). Further inves-
tigations will be necessary to determine the causes of
this different pattern. The detection of these three
outlier loci is interesting for unravelling the mecha-

nisms maintaining this polymorphism, but additional
interest stems from the fact that different allozyme
loci are being affected by natural selection in different
localities. The same pattern has been already
reported in the same populations by means of outlier
AFLP loci (Galindo et al., 2009), where geographically
distant localities presented different outlier loci,
whereas closer localities (i.e. Silleiro and Cetarea)
presented a greater proportion of overlapping outli-
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ers, as in the present study. This pattern supports the
interpretation that natural selection could be working
partially independently at the most distant localities.
Quesada et al. (2007) already proposed a local origin
of these ecotypes and, in parallel, at distant localities
after performing an mitochondrial DNA phylogeny of
RB and SU populations from a similar geographical
area. The results of the present study, in addition to
the AFLP outliers (Galindo et al., 2009), strengthen
support for the hypothesis of independent and paral-
lel divergence of the ecotypes.

A different problem is how natural selection can
produce a pattern of allelic variation such as this.
One possibility would be that natural selection is
acting directly over the allozyme locus but a similar
adaptation is achieved through different loci in dif-
ferent localities as a result of the local effect of
natural selection. The second possibility is that the
allozyme locus is not the target of selection but it is
tightly linked to the real target (a different gene). In
this case, it is difficult to determine whether the
locus under selection is the same or different
between localities because both hypothesis can give
similar results. The greatest differentiation between
ecotypes was observed for Pgm-2, and therefore we
compared the enzymatic properties of the different
genotypes aiming to shed light on the evolutionary
mechanisms maintaining such differentiation in
sympatry.

Activation energy of the three genotypes studied for
Pgm in L. saxatilis was relatively low compared to the
same enzyme in other organisms (Harsman et al.,
1965; Hashimoto et al., 1967; Dawson & Jaegers,
1970), suggesting a high efficiency in this organism.
However, we also found significant differences
between the three genotypes in relation to this
parameter (Ea), which could be sufficient to justify the

differences observed in Km (affinity for its substrate)
and Vmax. On the other hand, the genotype character-
istic from the lower shore (homozygote Pgm-2100/100)
showed a higher catalytic efficiency (minor Ea and Km

and higher Vmax) but lower thermal stability in com-
parison with the homozygote Pgm-2110/110. This minor
catalytic efficiency but higher thermal stability of the
genotypes found in the upper shore (Pgm-2110/110 and
Pgm-2110/100) could be interpreted as an enzymatic
adaptive strategy to the stresses (i.e. high tempera-
tures) that are characteristic of this habitat. This
result is similar to that reported by Panova & Johan-
nesson (2004) for Aat, and as previously noted by
McMahon, Russell-Hunter & Aldridge (1995), a reduc-
tion in the metabolism is found in gastropods during
emergence stress to avoid water-loss and save energy
and resources.

The temperature coefficient (Q10) has been related
to the degree of adaptation to temperature on its
habitat (values > 1 suggesting an increase of effi-
ciency, whereas values < 1 indicate inefficiency of
function; Hochachka & Somero, 1984, 2002). The Q10

values of the genotypes Pgm-2110/100 and Pgm-2110/110

showed their stability at temperatures up until
30–35 °C, where the genotype Pgm-2100/100 showed an
important loss of its function. This may suggest a
certain contribution to adaptation to high tempera-
ture across the vertical environmental gradient, as
described in other poiquilothermous intertidal mol-
luscs under temperature conditions higher than 38 °C
(His, Robert & Dinet, 1989).

The action of natural selection on allozymic poly-
morphisms can be produced by three distinct mecha-
nisms (Somero, 2004): by affecting the protein
sequence, the protein expression, or the cellular
microenvironment. In the present study, we have
detected how changes in the amino acid sequence (i.e.
alleles with different electrophoretic mobility) can
produce differences of activity in the laboratory, which
could have an adaptive interpretation in vivo. This
will require of future attention and perhaps suggests,
at least for Pgm-2, the relative importance of the first
mechanism suggested by Somero during adaptation.
Another complication, in the case of Pgm, is the lack
of a key regulatory function on its metabolic pathway
(Hochachka & Somero, 2002; Somero, 2004), making
less likely a primary role of this locus in adaptation.
Taking into account all these arguments, perhaps the
high FST values obtained for this locus in two locali-
ties could be partially explained by its physical
linkage to another unknown candidate locus. Future
directions in the study of Pgm in these populations of
L. saxatilis could focus on the sequence variation at
this locus and the surrounding genomic regions. This
may reveal new insights into the molecular basis of
ecological adaptation.

Table 2. Q10 values of the studied genotypes for Pgm-2 in
Littorina saxatilis populations

Temperature
(°C)

Genotype

110/110 110/100 100/100

5–15 1.06 ± 0.006 1.23 ± 0.044 1.45 ± 0.049
10–20 1.09 ± 0.006 1.05 ± 0.005 1.18 ± 0.005
15–25 1.05 ± 0.014 1.00 ± 0.010 0.96 ± 0.024
20–30 1.08 ± 0.015 0.98 ± 0.022 0.82 ± 0.029
25–35 1.04 ± 0.009 0.85 ± 0.017 0.70 ± 0.027
30–40 0.86 ± 0.010 0.63 ± 0.007 0.50 ± 0.004
35–45 0.63 ± 0.005 0.61 ± 0.010 0.33 ± 0.003
40–50 0.35 ± 0.005 0.25 ± 0.002 –

Measures performed within a temperature range of
5–50 °C and values represent the mean ± SD over three
determinations.

ADAPTATIVE VARIATION OF ALLOZYMES 231

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 225–233



ACKNOWLEDGEMENTS

We thank N. Santamaría, P. Alvariño, and T. Muiños
for their technical help and ECIMAT for providing
facilities during sampling. This work was funded by
Ministerio de Educación y Ciencia (CGL2008-00135/
BOS) and Fondos Feder, Xunta de Galicia
(PGIDT05PXIC31002PN; PGIDIT06PXIB310247PR),
and Universidade de Vigo. J. Galindo was supported
by a research fellowship from Xunta de Galicia and
M. Martínez-Fernández was supported by an FPI
fellowship from MEC (Spain).

REFERENCES

Anderson SM, McDonald JF, Santos M. 1981. Selection
at the Adh locus in Drosophila melanogaster: adult
survivorship-mortality in response to ethanol. Experientia
37: 463–464.

Beaumont MA. 2005. Adaptation and speciation: what can
Fst tell us? TREE 20: 435–440.

Beaumont MA, Nichols R. 1996. Evaluating loci for use in
the genetic analysis of population structure. Proceedings of
the Royal Society of London Series B, Biological Sciences
263: 1619–1626.

Benjamini Y, Hochberg Y. 1995. Controlling the false dis-
covery rate: a practical and powerful approach to multiple
testing. Journal of the Royal Statistical Society Series B 57:
289–300.

Caballero A, Quesada H, Rolán-Alvarez E. 2008. Impact
of amplified fragment length polymorphism size homoplasy
on the estimation of population genetic diversity and the
detection of selective loci. Genetics 179: 539–554.

Dawson DM, Jaegers S. 1970. Heterogeneity of phosphoglu-
comutase. Biochemical Genetics 4: 1–9.

Endler JA. 1986. Natural selection in the wild. Princeton,
NJ: Princeton University Press.

Galindo J, Morán P, Rolán-Alvarez E. 2009. Comparing
geographical genetic differentiation between candidate and
noncandidate loci for adaptation strengthens support for
parallel ecological divergence in the marine snail Littorina
saxatilis. Molecular Ecology 18: 919–930.

Giokas S, Pafilis P, Valakos E. 2005. Ecological and physi-
ological adaptations of the land snail Albinaria caerulea
(Pulmonata: Clausiliidae). Journal of Molluscan Studies 71:
15–23.

Harsman S, Robinson JP, Bocchini V, Najjar VA. 1965.
Activation of phosphoglucomutase. Biochemistry 4: 396–
400.

Hashimoto T, Joshi JG, del Río C, Handler P. 1967.
Phosphoglucomutase. Inactivation by beryllium ions.
Journal of Biological Chemistry 242: 1671–1679.

Hedrick PW, Ginevan ME, Ewing EP. 1976. Genetic poly-
morphism in heterogeneous environments. Annual Review
of Ecology and Systematics 7: 1–32.

His E, Robert R, Dinet A. 1989. Combined effects of tem-
perature and salinity on fed and starved larvae of the
Mediterranean mussel Mytilus galloprovincialis and the

Japanese oyster Crassostrea gigas. Marine biology 100:
455–463.

Hochachka PW, Somero GN. 1984. Temperature adapta-
tion, biochemical adaptation. Princeton, NJ: Princeton Uni-
versity Press.

Hochachka PW, Somero GN. 2002. Temperature, biochemi-
cal adaptation, mechanism and process in physiological
evolution. Oxford: Oxford University Press.

Johannesson K. 2003. Evolution in Littorina: ecology
matters. Journal of Sea Research 49: 107–117.

Johannesson K, Johannesson B. 1989. Differences in
allelic frequencies of Aat between high- and mid-rocky shore
populations of Littorina saxatilis (Olivi) suggest natural
selection in this enzyme locus. Genetical Research 54: 7–11.

Johannesson K, Johannesson B, Lundgren U. 1995.
Strong natural selection causes microscale allozyme varia-
tion in a marine snail. Proceedings of the National Academy
of Sciences of the United States of America 92: 2602–2606.

Johannesson K, Tatarenkov A. 1997. Allozyme variation in
a snail (Littorina saxatilis) – deconfounding the effects of
microhabitat and gene flow. Evolution 51: 402–409.

Kimura M. 1991. Recent development of the neutral theory
viewed from the wrightian tradition of theorical population-
genetics. Proceedings of the National Academy of Sciences of
the United States of America 88: 5969–5973.

King J. 1974. Metabolites1: carbohydrates. In: Bergmeyer
HU, ed. Phosphoglucomutase. Methods of enzymatic analy-
sis, Vol. VI. New York, NY: Academic Press, 798–801.

Koehn RK, Hall JG, Zera AJ. 1980. Parallel variation of
genotype-dependent aminopeptidase-I activity between
Mytilus edulis and Mercenaria mercenaria. Marine Biology
Letters 1: 245–253.

Kohen RK, Zera AJ, Hall JG. 1983. Enzyme polymorphism
and natural selection. In: Nei M, Koehn RK, eds. Evolution
of Genes and Proteins. Sunderland, MA: Sinauer Associates,
115–136.

McMahon RF, Russell-Hunter WD, Aldridge DW. 1995.
Lack of temperature compensation in the intertidal
gastropods, Littorina saxatilis (Olivi) and L. obtusata (L.).
Hydrobiologia 309: 89–100.

Merilä J, Crnokrak P. 2001. Comparison of genetic differ-
entiation at marker loci and quantitative traits. Journal of
Evolutionary Biology 14: 892–903.

Nevo E, Shimony T, Libni M. 1977. Thermal selection of
allozyme polymorphisms in barnacles. Nature 267: 699–701.

Panova M, Johannesson K. 2004. Microscale variation in
Aat (aspartate aminotransferase) is supported by activity
differences between upper and lower shore allozymes of
Littorina saxatilis. Marine Biology 144: 1157–1164.

Powers DA, Schulte PM. 1998. Evolutionary adaptations of
gene structure and expression in natural populations in
relation to a changing environment: a multidisciplinary
approach to address the million-year saga of a small fish.
Journal of Experimental Zoology 282: 71–94.

Quesada H, Posada D, Morán P, Caballero A, Rolán-
Alvarez E. 2007. Phylogenetic evidence for multiple sym-
patric ecological diversification in a marine snail. Evolution
61: 1600–1612.

232 J. GALINDO ET AL.

© 2009 The Linnean Society of London, Biological Journal of the Linnean Society, 2009, 98, 225–233



Raffaelli D, Hawkins S. 1996. Intertidal ecology. London:
Chapman and Hall.

Raymond M, Rousset F. 1995. GENEPOP: population
genetics software for exact tests and ecumenicism. Journal
of Heredity 86: 248–249.

Reid DG. 1996. Systematics and evolution of Littorina.
London: The Ray Society.

Rolán-Alvarez E. 2007. Sympatric speciation as a by-product
of ecological adaptation in the Galician littorina saxatilis
hybrid zone. Journal of Molluscan Studies 73: 1–10.

Rolán-Alvarez E, Carballo M, Galindo J, Morán P,
Fernández B, Caballero A, Cruz R, Boulding EG,
Johannesson K. 2004. Nonallopatric and parallel origin of

local reproductive barriers between two snail ecotypes.
Molecular Ecology 13: 3415–3424.

Somero GN. 2004. Adaptation of enzymes to temperature:
searching for basic ‘strategies’. Comparative Biochemistry
and Physiology. Biochemistry and Molecular Biology 139:
321–333.

Watt WB, Donohue K, Carter PA. 1996. Adaptation at
specific loci. VI. Divergence vs. parallelism of polymorphic
allozymes in molecular function and fitness – component
effects among Colias species (Lepidoptera, Pieridae).
Molecular Biology and Evolution 13: 699–709.

Whitaker JR. 1972. Principles of enzymology for the food
sciences. New York, NY: Marcel Dekker Inc.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Appendix S1. Results of the FST outlier analysis between ecotypes of Littorina saxatilis using FDIST2. Analysis
per locality and level (upper versus lower and mid-RB versus mid-SU). FSTemp, trimmed mean FST obtained from
amplified fragment length polymorphisms (see Material and Methods), an estimation of the empirical neutral
differentiation. FSTsim, mean FST obtained from the simulations. FSTallozymes, genetic differentiation calculated from
six allozyme loci. FST values per allozyme locus are shown.
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