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SUMMARY: The occurrence of hybridisation between limpet species of the genus Patella has always been a contentious 
issue. Although a previous allozyme study reported high differentiation and no hybridisation between Patella vulgata 
Linnaeus, 1758, Patella depressa Pennant, 1777 and Patella ulyssiponensis Gmelin, 1791 along English shores, tire recent 
finding of an mtDNA haplotype of P. depressa in a P. vulgata individual raised new doubts on this issue. To further study 
the possibility of hybridisation between limpet species and their level of genetic differentiation, ten allozyme loci were 
screened using starch gel electrophoresis for P. ulyssiponensis, P. depressa, P. vulgata and Patella rustica Linnaeus, 1758, 
from the Atlantic coast of the Iberian Peninsula. Our results show high differentiation between species, which could be clear
ly separated into different clusters with a Bayesian clustering algorithm. No significant signs of hybridisation were detected 
between any of the four species. Thus, the hypothesis of hybridisation between P. vulgata and P. depressa across their sym- 
patric distribution is not supported. Two sympatric clusters were recovered within P. vulgata that could be related to Hardy- 
Weinberg disequilibrium found in locus MPI. Finally, due to the high level of intraspecific variability, the studied loci are 
interesting tools for the analysis of population structure and stock identification.
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RESUMEN: E l e v a d a  d i f e r e n c i a c i ó n  g e n é t i c a  y  a u s e n c i a  d e  h i b r i d a c i ó n  e n t r e  c u a t r o  e s p e c i e s  d e  l a p a s  (P a t e l l a  
s p p .)  r e v e l a d a  p o r  l o c i  a l o e n z i m á t i c o s .  -  La hibridación entre distintas especies de lapas del género Patella siempre ha 
sido un tema polémico. Aunque un estudio anterior de aloenzimas presenta una elevada diferenciación y ausencia de hibri
dación entre Patella vulgata Linnaeus, 1758, Patella depressa Pennant, 1777 y Patella ulyssiponensis Gmelin, 1791 en la 
costa inglesa, el reciente descubrimiento de un individuo de P. vulgata con un haplotipo mitocondrial de P. depressa ha plan
teado nuevas dudas respecto a este tema. Para estudiar más detalladamente la posibilidad de hibridación entre especies de 
lapas y su diferenciación genética se han analizado 10 loci aloenzimáticos por electroforesis en gel de almidón, en muestras 
de P. ulyssiponensis, P. depressa, P. vulgata y Patella rustica Linnaeus, 1758, de la costa atlántica de la península Ibérica. 
Los resultados así obtenidos evidencian la gran diferenciación existente entre especies, las cuales se separan claramente en 
distintos grupos con un algoritmo de agrupamiento Bayesiano. La ausencia de evidencias significativas de hibridación entre 
cualquiera de las cuatro especies estudiadas no permite respaldar la hipótesis de hibridación entre P. depressa y P. vulgata 
en su área de simpatría. La identificación de dos grupos simpátricos en P. vulgata puede estar relacionada con el desequili
brio de Hardi-Weinberg en el locus MPI. La elevada variabilidad intra-específica exhibida por Ios loci analizados puede con
vertirlos en herramientas de elevado interés para el análisis de la estructura poblacional y la identificación de reservorios.

Palabras clave'. Patellidae, Patella spp., electroforesis en gel de almidón, aloenzimas, hibridación, polimorfismo genético.

INTRODUCTION

The genus Patella belongs to the order 
Patellogastropoda and is distributed across rocky

shores of the northeast Atlantic and the 
Mediterranean and Black Seas (see review in 
Ridgway et al., 1998). Historically, the species iden
tification in this genus was based on morphological
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characters such as the colour of the foot and paleal 
tentacles, the colour and shape of the internal and 
external parts of the shell and the radular teeth mor
phology (Fischer-Piette and Gaillard, 1959). 
However, most of these characters show high mor
phological plasticity and are influenced by environ
mental conditions (Branch, 1981), leading to an 
overlap of states between different species (see for 
example Mauro et al., 2003). This complex pattern 
of morphological variation has been the cause of 
great disagreements on the taxonomy of this genus, 
with different authors considering different numbers 
of species depending on the set of characters used 
(see reviews in Christiaens, 1973; Titselaar, 1998 
and Gaffney, 1980).

The possibility of hybridisation between species 
is another contentious issue in the taxonomy of the 
genus Patella. Some authors consider the occur
rence of individuals with intermediate characteris
tics as the result of hybridisation (Fretter and 
Graham, 1976), while others argue that the putative 
“hybrids” result from the accentuated morphologi
cal plasticity of these species (Titselaar, 1998). A 
recent study based on two mitochondrial genes 
(Koufopanou et al., 1999) revealed a haplotype in 
Patella vulgata Linnaeus, 1758 very similar to those 
found in Patella depressa Pennant, 1777. This hap
lotype was later confirmed to belong to the clade of 
P. depressa and to be very distinct from those found 
in P. vulgata (Sà-Pinto et al., 2005). These results 
point either to the occurrence of a recent hybridisa
tion event between the two species or to a sample 
misidentification or contamination in the work of 
Koufopanou et al. (1999). Although no signs of 
introgression between the two species were found 
by Sà-Pinto et al. (2005), the low sample size pre
vents a clear picture from being drawn from this 
study and highlights the need for further studies 
involving nue leai' markers and larger sample sizes.

Allozymes are particularly suitable markers for 
analysing hybridisation between well-differentiated 
species. The low mutation rate makes these markers 
less susceptible to the confounding effects of homo- 
plasia that was shown to affect faster evolving mark
ers such as microsatellites (Estoup et al., 1995). 
Although other nuclear markers such as SNPs and 
nuclear sequences are becoming increasingly used, 
an initial scan of large amounts of the genome is 
needed, which may be a difficult task in species for 
which little genomic information is available. 
Allozymes have already been successfully used to

discriminate species of the genus Patella, to study 
taxonomic problems within the genus (Gaffney, 
1980; Côrte-Real et al, 1992; Sella et al., 1993; 
Côrte-Real et al, 1996a and 1996b; Weber et al., 
1997; Weber and Hawkins, 2002; Mauro et al., 
2003; Weber and Hawkins, 2005) and to study 
genetic substructuring within species (Hurst and 
Skibinski, 1995; Weber et al., 1998; Mauro et al. 
2001; Weber and Hawkins, 2005 and 2006). These 
markers have also been used to study hybridisation 
between P. depressa. Patella ulyssiponensis Roding 
1798 and P. vulgata in southwest England (Gaffney, 
1980). In this study, high differentiation and no evi
dence of hybridisation between the three species 
was found. However, these species also occur in 
sympatry on the Atlantic shores of the Iberian 
Peninsula, where ecological features differ from 
those found in England, as is shown by the occur
rence of Patella rustica Linnaeus, 1758 in the for
mer area but not in the latter (for P. rustica distribu
tion see review in Lima et al., 2006). These different 
ecological conditions could favour hybridisation or 
hybrid survival in the Iberian Peninsula but not in 
England, as has already been shown to occur in 
other animal species (Borge et al. 2005). This would 
explain the findings of introgressed mtDNA despite 
the apparent absence of hybridisation in England.

To test this hypothesis we analysed ten allozyme 
loci in Iberian populations of P. vulgata and P. 
depressa. Additionally, we studied Iberian popula
tions of P. ulyssiponensis and P. rustica to check for 
hybridisation between all intertidal limpet species 
present in this area.

MATERIAL AND METHODS 

Data collection

Three locations from the western coast of 
Portugal were sampled for P. vulgata, P. ulyssipo
nensis and P. depressa. Since P. rustica is very rare 
in the northern part of this area (see Lima et al., 
2006), samples of this species were only collected 
from two locations in the southern part of this range. 
The sampling locations are shown in Figure 1.

Individual limpets were identified through the 
analysis of morphological characters (Christiaens, 
1973). All specimens were taken alive to the labora
tory where they were immediately dissected and 
stored at -80°C.
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F ig . 1. -  Map of the Iberian Peninsula showing the sampling sites. 
1) Moledo, 2) Aguda, 3) Vila Nova de Milfontes, 4) Monte Clérigo, 

5) Arrifana, 6) Castelejo.

To obtain tissue extracts, a portion of the foot 
muscle was ground in about the same volume of 
homogenising buffer (Weber et al., 1998). The tis
sue cells were then lysated by sonication, during 
which homogenates were submerged in ice to avoid 
heat inactivation of enzymes. A centrifugation was 
performed at 17530 g for 15 minutes at -4°C. The 
supernatants were collected and treated with a final 
concentration of 28 mM of DTT for one hour at 
37°C. Samples were then applied to a 15% (w/v) 
starch gel in a 1:1 sephadex medium. 
Electrophoreses were performed at 8°C for 16 to 17 
hours at 5.5 to 6.0 V/cm.

From the enzymatic systems tested, ten loci 
showed polymorphism and a consistent pattern of 
bands and were selected for subsequent analysis: 
Malate dehydrogenase (MDH, EC: 1.1.1.37), Malic 
enzyme (ME, EC: 1.1.1.40), Isocitrate dehydroge
nase (IDH, EC: 1.1.1.42), 6-Phosphogluconate 
dehydrogenase (PGD, EC: 1.1.1.44), Nucleoside 
phosphorylase (NP, EC: 2.4.2.1), Glutamate- 
oxaloacetate transaminase (GOT, EC: 2.6.1.1), 
Phosphoglucomutase (PGM, EC: 2.7.5.1), Peptidase 
D (PEP D, EC: 3.4.13.9), Mannose phosphate iso- 
merase (MPI, EC: 5.3.1.8 ) and Glucose phosphate 
isomerase (GPI, EC: 5.3.1.9). Three different buffer 
systems were used: i) citrate-NaOH-His/HCl, pH 
6.0 (Ferrand and Amorim, 1990) for MDH, IDH, 
NP, GOT, PGM and GPI; ii) tris-NaH2P 0 4, pH 7.6 
(Branco et al., 1999) for ME and PEPD; and iii) tris- 
citrate, pH 7.6 (Amorim and Siebert, 1982) for MPI 
and PGD. The enzymatic detection of all loci was 
carried out using the staining methods described by 
Harris and Hopkinson (1976). For PepD the sub

strate used was phenylalany 1-proline. Staining solu
tions were mixed with 20 ml of agarose 10% (w/v) 
and applied to the gels.

Data analyses

Allelic frequencies, expected heterozygosity 
(He), observed heterozygosity (Ho), proportion of 
polymorphic loci at 0.99 polymorphism criterion 
(P99) and Fis values were calculated using the 
GENETIX software package (Belkhirt, 1996). The 
same program was used to test whether the Fis val
ues obtained for each locus and each species were 
significantly different from those expected by 
chance in a population at Hardy-Weinberg equilibri
um (HW). Exact-tests (Raymond and Rousset, 
1995a) available on the GENEPOP software (v.3.1b; 
Raymond and Rousset, 1995b) were performed to 
test for significant deviations to HW and Linkage 
equilibria, for the occurrence of heterozygote defi
ciency and for genic and genotypic differentiation 
between samples of each species.

The values of allelic richness for each locus were 
calculated for a sample size of 42 genes (A(42)) using 
the CONTRIB software (Petit et al., 1998) and mean 
values of allelic richness for each species were cal
culated manually.

To assess the reliability of the genetic markers to 
discriminate between the four species and to infer 
the proportion of each individual’s genome assigned 
to each species, we used the Bayesian clustering 
approach implemented in the BAPS v4.14 program 
(Corander and Marttinen, 2006). This methodology 
assigns samples to clusters minimising HW and 
linkage disequilibria (Corander et al., 2003) and cal
culates the admixture observed in each individual’s 
genome. It starts by estimating the most likely num
ber of clusters (K) present in a given dataset, by inte
grating over all possible K (until a maximum K pro
vided by the user). The proportion of each individ
ual’s genome assigned to each cluster is calculated 
in a second step together with the probability of the 
admixture observed in a given individual. This last 
value consists of the proportion of reference indi
viduals simulated for the cluster to which a given 
individual is initially assigned, with a lower or equal 
proportion of their genome assigned to that cluster.

For the present analysis, 10 runs were performed 
with 20 replicates each, with maximum K set to 15 
clusters. The admixture proportions were then cal
culated using the clusters previously inferred. To
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check whether the admixture results were consis
tent, 10 different runs were performed, with 10000 
iterations, 500 simulated reference individuals and 
20 iterations for reference individuals. For each run, 
the minimum number of individuals in each cluster 
for it to be considered in admixture analyses was set 
to one.

GENDIST in the PF1YLIP software package 
(v.3.5; Felsenstein, 1993) was used to calculate 
Nei’s standard genetic distance (Nei, 1972) between 
species.

RESULTS 

Genetic variability

The estimated allelic frequencies and number of 
individuals analysed per location and per locus arc 
shown in Appendix 1.

Observed electrophoretic patterns conformed to 
the simple model of inheritance of codominant alle
les in autosomal loci coding for proteins of 
monomeric (MPI and PGM), dimeric (PGD, PEPD, 
IDH, MDH, GOT and GPI), trimeric (NP) and 
tetrameric (ME) quaternary structures. Due to the 
difficulties involved in the captive breeding of 
Patella limpets, no progeny testing was carried out 
to confirm the mode of inheritance. All loci were in 
agreement with HW expectations (p>0.01), with the 
exception of MPI in P. vulgata in Moledo and Monte 
Clérigo, (p<0.01). The deviations from HW equilib
rium observed in P. vulgata were due to a significant 
deficit of heterozygotes (p<0.01). P. vulgata is also 
the only species that shows Fis values significantly 
different from zero (Table 1). None of the species 
showed significant deviations from linkage equilib
rium between any pair of loci across all populations 
(p>0.01). With the exception of MPI in P. vulgata, 
no genic or genotypic differentiations were observed 
between the locations sampled for each species
(p>0.01).

All loci were polymorphic at the interspecific 
level, with different degrees of polymorphism found 
at the intraspecific level. In P. depressa fixed alleles 
were detected at loci MPI, ME and IDH, with the 
remaining loci having between two (MDH and 
GOT) and eight alleles (in PGM). For P. vulgata, 
only one allele was found at the MDH and GOT 
loci. The number of alleles found at the other loci 
varied from two, in IDH, to eight, in PGM. In P.

T a b l e  1. -  Values of expected heterozygosity (He), observed het
erozygosity (Ho), proportion of polymorphic loci using 0.99 criteri
on (P99), allelic richness for a sample size of 42 genes (A(4)|) and Fis 
(Weir and Cockerham, 1984) obtained for each species. * Value of 
Fis significantly higher tiran expected at (p<0.01).

He Ho P99 A ,42) Fis

Patella depressa 0.07 0.08 0.50 1.96 -0.03
Patella vulgata 0.15 0.12 0.80 2.22 0.21*
Patella ulyssiponensis 0.24 0.23 0.80 2.51 0.03
Patella rustica 0.19 0.18 0.70 2.02 0.06

ulyssiponensis only PGD showed a unique allele,
with the other loci having between two (IDH, MPI 
and NP) and six alleles (GPI, PGM and PEP D). In 
P. rustica a fixed allele was found in IDH, GOT and 
MDH, the remaining loci showing a maximum of 
four alleles (PGM and NP). The values of He, Ho, 
A(49j and P99 obtained for each species are shown in 
Table 1.

A total of 89 alleles were detected across all 
species and loci. From these 89 alleles, 66 were 
species-specific, and among the 23 shared alleles 10 
were shared only by two species, with a frequency 
of less than 0.1 in at least one of them (see Appendix 
1). Two loci were shown to be diagnostic between 
species (MPI and MDH), one of which (MPI) was 
already reported by Gaffney (1980) for P. vulgata, P. 
depressa and P. ulyssiponensis from southwest 
England and by Sella et al. (1993) for P. ulyssipo
nensis, P. rustica and Patella caerulea Linnaeus, 
1758 from the Mediterranean Sea.

Bayesian clustering analysis and admixture

All the runs of BAPS converged to the same 
result concerning the most probable number of clus
ters present in the data set, although three different 
solutions were recovered for the assignment of indi
viduals to each of these clusters. According to these 
results, the most probable number of clusters in the 
dataset was five, three of them corresponding to 
individuals morphologically identified as P. depres
sa, P. ulyssiponensis and P. rustica and the remain
ing two corresponding to individuals identified as P. 
vulgata. The three different outcomes obtained cor
responded to alternative ways of grouping P. vulga
ta individuals into these two clusters. The solution 
with the highest marginal likelihood (log of margin
al likelihood = -  2175.0523) was chosen to perform 
subsequent admixture analysis. All ten runs per
formed for inferring the admixture proportions
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Fig. 2. -  Plot of the percentage of each individual’s genome assigned to a given species according to BAPS results. Black -  Patella vulgata 
PvA cluster; white -  P. vulgata PvB cluster; light grey -  Patella depressa cluster; dark grey- Patella ulyssiponensis cluster; striped grey - 
Patella rustica cluster. Morphological identification of the individuals and sampling locations of P. vulgata are indicated below the plots

AGU - Aguda, Mol - Moledo, MC - Monte Clérigo.

returned similar results, with maximum variations of 
0.01 in the proportion of each individual’s genome 
assigned to a given species and in the admixture 
probability inferred for each individual. For this rea
son, we focused only on one of these runs. With the 
exception of P. vulgata, all individuals morphologi
cally identified as belonging to a species clustered 
together with no less than 90% of their nuclear 
genome assigned to that species (Fig. 2). The indi
viduals morphologically identified as P. vulgata 
were divided into two clusters, PvA and PvB, both 
present in the three locations. PvA was the most fre
quent cluster in Moledo (proportion of individuals 
mostly assigned to PvA was 0.7) but the two clusters 
were almost equally common in Aguda and Monte 
Clérigo (the proportions of individuals mostly 
assigned to PvA were 0.55 and 0.5 respectively, see 
Figure 2). Although PvB is in agreement with HW 
expectations for all loci (p>0.01), PvA still exhibit
ed significant deviations from HW expectations for 
MPI (p<0.01), due to a significant deficit of het
erozygotes (p<0.01). PvA and PvB showed signifi
cant genic and genotypic differentiation for MPI and 
PGD loci (p<0.01).

If the two clusters obtained within P. vulgata 
were joined into a single one, the vast majority of 
individuals analysed had a minimum of 95% of their 
genome assigned to the correct species (98% of P. 
depressa samples, 100% of P. vulgata, 97% of P. 
ulyssiponensis and 100% of P. rustica). Only three 
individuals, morphologically identified as P.

ulyssiponensis, had more than 5% of their genome 
assigned to other species (10% and 8% assigned to 
P. depressa in two individuals and 9% assigned to P. 
rustica in one individual), and none of them were 
successfully analysed for the locus PGD which is 
diagnostic for P. ulyssiponensis. The individual with 
9% of its genome assigned to P. rustica was also het
erozygous for GOT#2, which is a rare allele in P. 
ulyssiponensis but the most common one in P. rusti
ca and P. depressa. The remaining two individuals 
were both heterozygous for the allele PEPD#3, 
which is the most common in P. depressa but is also 
present in P. vulgata and P. ulyssiponensis (estimat
ed frequencies in P. ulyssiponensis between 0.2 and 
0.3, see Appendix A). Additionally, one of these two 
individuals was heterozygous for GOT#2 and the 
other was heterozygous for GPI#4, which are alleles 
that are rare in P. ulyssiponensis but common in P. 
depressa. Two individuals, morphologically identi
fied as P. depressa, had less than 95% of their 
genome assigned to this species; one of these indi
viduals had 6% of its genome assigned to P. 
ulyssiponensis, probably due to the presence of 
allele GOT#3; the other individual had 6% of its 
genome assigned to P. rustica due to the presence of 
the allele PGD#6. No individuals showed a signifi
cant probability of admixture between species, not 
even the individuals with less than 95% of their 
genome assigned to a single cluster (p>0.01).

Genetic distances between species are described 
in Table 2. These results suggest that P. ulyssiponen-
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T a b l e  2. -  Nei's standard genetic distance (Nei, 1972) between 
species, based on ten polymorphic allozyme loci.

P. depressa P. vulgata P. ulyssiponensis P. rustica

P. depressa 0 4.986 1.379 1.442
P. vulgata 0 5.469 2.481
P. ulyssiponensis - 0 1.634
P. rustica - - 0

sis and P. depressa are the most closely related taxa, 
while P. vulgata and P. ulyssiponensis seem to be the 
most differentiated ones.

DISCUSSION

Hybridisation between species

Although allozymes are becoming “out of fash
ion”, their use may provide important answers to 
problems like species identification and the study of 
hybridisation. Our survey of ten allozyme loci 
showed high differentiation between the four limpet 
species, P. vulgata, P. depressa, P. rustica and P. 
ulyssiponensis, with no signs of gene flow between 
any of them. These results are in agreement with 
those of Gaffney (1980) and further extend these 
findings to P. rustica. Therefore it seems highly 
unlikely that the observation of a P. depressa 
mtDNA haplotype in P. vulgata (Koufopanou et al., 
1999 see also Sá-Pinto et ed., 2005) could be the out
come of gene flow between these species.

According to the results of BAPS, the great 
majority of individuals had more than 95% of their 
genome assigned to the species to which they were 
assigned according to morphological characters. 
Some individuals of P. depressa and P. ulyssiponen
sis had between 90 and 95% of their genome 
assigned to these taxa, due to the occurrence of 
shared alleles between species. The finding of 
shared alleles between species can be explained by 
maintenance of ancestral alleles, homoplasia or 
hybridisation between species. Some of the shared 
alleles, like GOT#2 and PEPD#3, occur in two or 
more species with frequencies higher than 20% in at 
least two of them, suggesting the maintenance of 
ancestral polymorphism as the most probable 
hypothesis. Shared alleles may also represent homo- 
plasic electromorphs that resulted from the combi
nation of different net charges and sizes for different 
alleles (Ramshaw, 1979). Although we cannot reject

the occurrence of rare events of hybridisation, the 
high divergence between species revealed by 
mtDNA (Sá-Pinto et al. 2005), and the absence of 
first and second generation hybrids evidenced in the 
present survey and that of Gaffney (1980), make 
hybridisation the least likely explanation for the 
occurrence of shared alleles.

Although there is a considerable overlap of the 
spawning seasons of P. vulgata and P. depressa on 
the Portuguese coast (Guerra and Gaudêncio, 1986), 
no signs of hybridisation were found in the present 
work. Since the distribution ranges of P. vulgata and 
P. depressa only overlap between southern England 
and southern Portugal, the present study and the one 
by Gaffney (1980) have almost covered their entire 
overlapping arca, thus reducing the probability of 
different environmental conditions favouring the 
existence of hybrids in one place relative to the 
other. Although we cannot completely nile out the 
possibility that a very rare event of hybridisation 
between these two species had resulted in mtDNA 
introgression, the result of Koufopanou et al. (1999) 
is, according to both mtDNA and allozymes (Sá- 
Pinto et al. 2005; Gaffney 1980; present work), most 
likely explained by a sample misidentification or 
laboratorial contamination, as previously suggested 
by Sà-Pinto et al. (2005).

Despite the increasing use of DNA sequences in 
phytogenies, the use of allozymes as complementary 
data has some major advantages since allozyme data 
arc usually composed of multiple unlinked nuclear 
loci. Therefore, phytogenies inferred from multiple 
allozyme loci arc less frequently misled by mis
matches between gene frees and species frees than 
phytogenies based on a single DNA locus (Wiens, 
2000). According to Nei’s standard genetic distances 
(Nei, 1972, see Table 2), P. ulyssiponensis and P. 
depressa arc the most closely related species and P. 
vulgata is the most differentiated one. P. rustica is 
intermediate and closer to P. depressa and P. ulyssipo
nensis than to P. vulgata. The closer phylogenetic 
relationship between P. ulyssiponensis and P. depres
sa is in agreement with the free obtained with three 
mtDNA genes (12s, 16s and COI) and disagrees with 
that obtained only with COI (Sá-Pinto et cd, 2005, 
Mamo et al., 2003). However, the COI fragment 
analysed was shown to be saturated at this level of 
divergence (Sá-Pinto et al, 2005), thus increasing the 
reliability of the phytogeny inferred from the three 
mtDNA genes and supported by the genetic distances 
estimated from allele frequencies in allozyme loci.
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Intraspecific variability and genetic 
substructuring

All loci were polymorphic between species but 
their intraspecific variability changed from species 
to species, with different loci being polymorphic in 
different species. This information may provide 
important clues for choosing loci to investigate pop
ulation structure within species, for studying popu
lation evolutionary history or even for identifying 
different genetic stocks for management purposes. 
Although the electrophoretic methods and loci 
analysed were not exactly the same, the values of 
expected heterozygosity obtained for P. depressa, P. 
vulgata and P. rustica were generally lower than 
those reported in previous studies (Gaffney, 1980; 
Sella et al. 1993; Hurst and Skibinski, 1995; Corte- 
Real et al., 1996a and 1996b; Weber and Hawkins, 
2006), while for P. ulyssiponensis they fell within 
the range described in other works (Gaffney, 1980; 
Lavie et al., 1987; Sella et al. 1993; Corte-Real et 
al., 1992; Weber et al., 1998; Weber and Hawkins, 
2005). The pattern of higher diversity in P. ulyssipo
nensis and lower diversity in P. depressa is also in 
agreement with the results of Gaffney (1980).

The absence of significant genic and genotypic 
differentiation between sampling locations (with the 
exception of MPI in P. vulgata) suggests the occur
rence of high gene flow across the sampled area for 
the four species. The presence of a pelagic larval 
stage and the relatively small geographic distances 
between locations may account for the high homo
geneity observed.

S hong HW disequilibrium was found at P. vul
gata sampling locations, due to significant deficit of 
heterozygotes. Numerous hypothesis have been put 
forward to explain the deficit of heterozygotes 
observed in limpet species, such as misinterpretation 
of gels, aneuploidy, null alleles, selection, inbreed
ing and the Wahlund effect (see review in Weber and 
Hawkins, 2006). We believe that the observed 
deficit of heterozygotes does not result from misin
terpretation of gels and the high excess of homozy
gotes also fails to support the hypothesis of aneu
ploidy. This left us with three hypotheses to explain 
the observed HW disequilibrium: i) inbreeding and 
/or the Wahlund effect; ii) the occurrence of a null 
allele and iii) selection acting in MPI.

The two clusters recovered within P. vulgata may 
indicate the existence of two differentiated forms 
within this species, occurring at all sampling loca

tions. Restricted gene flow between these two forms 
is supported by the significant differentiation 
observed between them not only in MPI but also in 
PGD. According to these results, inbreeding and the 
Wahlund effect would be the most likely explana
tions for the deficit of heterozygotes detected in 
MPI. However, only one of the two clusters recov
ered by BAPS was in agreement with HW expecta
tions for MPI, suggesting that the existence of these 
two subpopulations within P. vulgata does not fully 
explain the observed lack of HW equilibrium. Thus, 
alternative hypotheses of selection acting on MPI or 
the occurrence of a null allele cannot be ruled out.

The existence of a null allele in MPI could explain 
the observed heterozygote deficiency, but the 
monomeric structure of this enzyme makes it more 
difficult to detect this kind of allele than in those 
enzymes where heterodimers arc present. In a survey 
involving autossomal and X-linked loci of 
Drosophila melanogaster, Voelker et al. (1980) found 
that null alleles were present in 13 out of the 25 loci. 
All the null alleles found in this study were present in 
such low frequencies that they were unable to cause a 
significant heterozygote deficit (maximum frequency 
observed 0.9%). In fact, null alleles arc usually found 
in low frequencies due to expected lower viability of 
their carrier individuals. However, these alleles may 
achieve higher frequencies, depending on the impor
tance of the enzyme function and on enzyme redun
dancy (Voelker et al., 1980).

Another possible explanation for the observed 
heterozygote deficiency in MPI is the occurrence of 
different selective pressures across the beach in this 
locus. In Semibalanus balanoides (Schmidt and 
Rand, 1999) MPI was shown to be under strong 
selection with different alleles being selected in dif
ferent arcas of the beach. These authors argued that 
organisms that ingest high amounts of algae (which 
are rich in mannose) and arc exposed to thermal and 
anaerobic stress may be a target of selection at this 
enzyme. In fact, like other limpets, P. vulgata feeds 
on algae and, due to its position in the intertidal 
zone, is exposed to thermal and anaerobic stress in 
each tidal cycle making this species a potential can
didate for selection in MPI.

To further investigate the causes of the HW dise
quilibrium observed in MPI and to distinguish 
between alternative hypotheses, additional studies 
are necessary with a sampling scheme like that used 
by Schimdt and Rand (1999) and a more intensive 
locus screening.
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A p p e n d ix  1 . -  Allelic frequencies and number of individuals analysed for ten protein loci in three locations for Patella vulgata. P. depressa 
and P.ulyssiponenesis and two for P. rustica. Mol: Moledo; Agu: Aguda; VNM: Vila Nova de Milfontes; MC: Monte Clérigo; Cas: Castelejo; 
Ari: Arrifana. The number of individuals analysed per locus per location and the name of each locus are written in bold. * represents alleles

that were not found in that species.

MOL
P. depressa 

AGU VNM MOL
P. vulgata 

AGU MC
P. ulyssiponensis 

MOL AGU CAS
P.

CAS
rustica

ARI

PGD 25 29 30 39 34 14 12 5 4 30 14
PGD*1 0.00 0.02 0.05 0.94 0.94 1.00 * * * * *
PGD *2 * * * 0.05 0.04 0.00 * * * * *
PGD* 3 * * * 0.00 0.02 0.00 * * * * *
PGD* 4 * * * 0.01 0.00 0.00 * * * * *
PGD* 5 1.00 0.98 0.93 * * * * * * * *
PGD *6 0.00 0.00 0.02 * * * * * * LOO 0.96
PGD *7 * * * * * * LOO 1.00 1.00 * *
PGD *8 * * * * * * * * * 0.00 0.04
MPI 21 28 27 39 31 14 21 17 25 30 16
MPI*1 * * * 0.08 0.02 0.04 * * * * *
MPI* 2 * * * 0.14 0.23 0.32 * * * * *
MPI* 3 * * * 0.77 0.74 0.46 * * * * *
MPI*4 * * * 0.01 0.02 0.14 * * * * *
MPI* 5 * * * 0.00 0.00 0.04 * * * * *
MPI* 6 1.00 1.00 1.00 * * * * * * * *
MPI* 7 * * * * * * LOO 1.00 0.98 * *
MPI* 8 * * * * * * 0.00 0.00 0.02 * *
MPI* 9 * * * * * * * * * LOO 0.97
MPI* 10 * * * * * * * * * 0.00 0.03
ME 23 23 31 37 25 13 29 23 26 29 17
ME*1 1.00 1.00 1.00 0.01 0.04 0.00 0.55 0.43 0.58 0.02 0.03
ME* 2 * * * * * * 0.41 0.41 0.37 0.98 0.97
ME* 3 * * * 0.97 0.92 1.00 * * * * *
ME*4 * * * 0.01 0.04 0.00 0.03 0.15 0.06 * *
PEPD 24 28 31 37 34 14 29 28 27 30 16
PEPD*1 * * * 0.96 1.00 0.96 * * * * *
PEPD *2 * * * 0.01 0.00 0.04 * * * * *
PEPD *3 0.96 0.95 0.94 0.03 0.00 0.00 0.26 0.20 0.30 * *
PEPD *4 0.02 0.00 0.03 * * * * * * * *
PEPD *5 0.02 0.05 0.03 * * * * * * * *
PEPD *6 * * * * * * 0.67 0.73 0.70 * *
PEPD *7 * * * * * * 0.03 0.04 0.00 * *
PEPD *8 * * * * * * 0.03 0.00 0.00 * *
PEPD *9 * * * * * * 0.00 0.02 0.00 * *
PEPD* 10 * * * * * * 0.00 0.02 0.00 * *
PEPD* 11 * * * * * * * * * 0.73 0.84
PEPD* 12 * * * * * * * * * 0.23 0.13
PEPD* 13 * * * * * * * * * 0.03 0.03
IDH 17 24 27 33 32 13 33 28 27 28 15
IDH*1 * * * 0.80 0.75 0.58 * * * * *
IDH*2 * * * 0.20 0.25 0.42 * * * * *
IDH* 3 1.00 1.00 1.00 * * * LOO 0.98 0.98 LOO 1.00
IDH*4 * * * * * * 0.00 0.02 0.02 * *
MDH 25 30 31 21 34 13 33 30 30 28 17
MDH*1 0.98 1.00 1.00 * * * * * * * *
MDH*2 0.02 0.00 0.00 * * * * * * * *
MDH*3 * * * * * * 0.95 0.98 0.93 * *
MDH*4 * * * * * * 0.05 0.02 0.05 * *
MDH*5 * * * * * * 0.00 0.00 0.02 * *
MDH*6 * * * LOO 1.00 1.00 * * * * *
MDH*7 * * * * * * * * * LOO 1.00
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A p p e n d ix  1 (cont.). -  Allelic frequencies and number of individuals analysed for ten protein loci in three locations for Patella vulgata. P. 
depressa and P.ulyssiponenesis and two for P. rustica. Mol: Moledo; Agu: Aguda; VNM: Vila Nova de Milfontes; MC: Monte Clérigo; Cas: 
Castelejo; Ari: Arrifana. The number of individuals analysed per locus per location and the name of each locus are written in bold.

* represents alleles that were not found in that species.

MOL
P. depressa 

AGU VNM MOL
P. vulgata 

AGU MC
P. ulyssiponensis 

MOL AGU CAS
P.

CAS
rustica

ARI

GOT 25 30 31 36 30 13 29 30 29 30 12
GOT*l * * * LOO 1.00 1.00 * * * * *
GOT* 2 1.00 0.98 1.00 * * * 0.00 0.03 0.00 LOO 1.00
GOT* 3 0.00 0.02 0.00 * * * 0.93 0.87 0.97 * *

GOT*4 * * * * * * 0.07 0.08 0.03 * *

GOT* 5 * * * * * * 0.00 0.02 0.00 * *

NP 24 24 28 33 29 13 27 29 29 26 10
NP*1 0.02 0.00 0.00 LOO 1.00 0.92 * * * * *

NP*2 * * * 0.00 0.00 0.04 * * * * *

NP*3 * * * 0.00 0.00 0.04 * * * * *

NP*4 0.92 1.00 1.00 * * * * * * * *

NP*5 0.04 0.00 0.00 * * * 0.96 0.97 0.95 * *

NP*6 0.02 0.00 0.00 * * * * * * * *

NP*7 * * * * * * 0.04 0.03 0.05 * *

NP*8 * * * * * * * * * 0.54 0.75
NP*9 * * * * * * * * * 0.23 0.10
NP*10 * * * * * * * * * 0.06 0.00
NP*11 * * * * * * * * * 0.17 0.15
PGM 25 27 31 38 34 12 29 30 28 30 17
PGM*1 * * * 0.03 0.04 0.00 0.16 0.17 0.09 0.03 0.03
PGM* 2 * * * 0.82 0.79 0.75 0.02 0.02 0.02 * *

PGM* 3 * * * 0.13 0.12 0.13 * * * * *

PGM*4 * * * 0.01 0.01 0.00 * * * * *

PGM* 5 * * * 0.00 0.03 0.00 * * * * *

PGM* 6 * * * 0.00 0.00 0.08 * * * * *

PGM* 7 0.02 0.00 0.00 0.00 0.00 0.04 * * * * *

PGM* 8 0.02 0.11 0.00 0.01 0.00 0.00 0.19 0.20 0.14 0.70 0.82
PGM* 9 0.82 0.76 0.84 * * * 0.40 0.35 0.41 * *

PGM* 10 0.12 0.13 0.11 * * * * * * * *

PGM* 11 0.02 0.00 0.00 * * * 0.24 0.25 0.34 * *

PGM* 12 0.00 0.00 0.02 * * * * * * * *

PGM* 13 0.00 0.00 0.02 * * * * * * * *

PGM* 14 0.00 0.00 0.02 * * * * * * * *

PGM* 15 * * * * * * 0.00 0.02 0.00 * *

PGM* 16 * * * * * * * * * 0.20 0.15
PGM* 17 * * * * * * * * * 0.07 0.00
GPI 25 27 31 29 27 14 29 29 29 30 17
GPI*1 * * * 0.98 1.00 0.96 * * * 0.73 0.65
GPI* 2 * * * 0.02 0.00 0.00 0.00 0.00 0.03 * *

GPI* 3 0.02 0.04 0.06 0.00 0.00 0.04 0.00 0.00 0.02 * *

GPI*4 0.92 0.96 0.85 * * * 0.00 0.00 0.02 * *

GPI* 5 0.04 0.00 0.02 * * * * * * * *

GPI* 6 0.02 0.00 0.00 * * * * * * * *

GPI* 7 0.00 0.00 0.03 * * * 0.19 0.12 0.07 * *

GPI* 8 0.00 0.00 0.03 * * * 0.79 0.84 0.84 * *

GPI* 9 * * * * * * 0.02 0.03 0.02 * *

GPI* 10 * * * * * * * * * 0.27 0.35
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