N

N

Evidence of a genetic cline for Sardina pilchardus along
the Northwest African coast
M. Chlaida, V. Laurent, S. Kifani, Touria Benazzou, H. Jaziri, Serge Planes

» To cite this version:

M. Chlaida, V. Laurent, S. Kifani, Touria Benazzou, H. Jaziri, et al.. Evidence of a genetic cline for
Sardina pilchardus along the Northwest African coast. ICES Journal of Marine Science, 2009, 66 (2),
pp-264-271. 10.1093/icesjms/fsn206 . halsde-00459173

HAL Id: halsde-00459173
https://hal.science/halsde-00459173
Submitted on 25 Oct 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/halsde-00459173
https://hal.archives-ouvertes.fr

264

Evidence of a genetic cline for Sardina pilchardus along the
Northwest African coast

M. Chlaida, V. Laurent, S. Kifani, T. Benazzou, H. Jaziri, and S. Planes

Chlaida, M., Laurent, V., Kifani, S, Benazzou, T., Jaziri, H,, and Planes, S. 2009. Evidence of a genetic cline for Sardina pilchardus along the
Northwest African coast. — ICES Journal of Marine Science, 66: 264—271.

In all, 700 Sardina pilchardus from 14 locations throughout the Atlantic and Mediterranean Moroccan coastlines were screened for
eight enzymatic loci that show polymorphism. Analysis of allelic frequencies showed a genetic break in the area of the Bay of Agadir,
segregating two groups of samples, confirmed by analysis of molecular variance; a first consisting of Sidi Ifni (29°12'N) and southern
samples down to the southern limit of the species in Mauritania (19°03’N 16°28'W), and a second starting in the Bay of Agadir
(30°48'N) and consisting of northern samples that appeared homogeneous with the Mediterranean samples. Specifically, a survey
of the SOD* loci demonstrated a genetic cline in allelic frequencies along the coastline. Using a clinal variation model under a
state of equilibrium, we estimate a dispersal rate of 189 + 52 km per generation between Mauritania and Ras Kebdana. This major
break towards the south of the Bay of Agadir offers a new perspective on the management of sardine, which ideally ought now
to be managed as two stocks along the Moroccan coast. The break is most likely induced by hydrodynamic influences that virtually
isolate southern from northern populations.
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Introduction

A major objective of fisheries genetics is to identify discrete
populations or groups with more or less restricted gene flow
(Carvalho and Hauser, 1995; Hauser and Ward, 1998). Unlike
terrestrial environments, the marine realm is generally regarded
as lacking major geographical barriers to dispersal and gene
flow, leading to large, homogeneous populations. In addition,
many marine organisms have a large population size, high
fecundity, and excellent dispersal capabilities as planktonic
larvae and free-swimming adults. Limited genetic differentiation
between geographic populations would therefore be expected,
because of the high levels of gene flow facilitated by such features
(Norris, 2000). In populations of pelagic fish, even less genetic
structure is expected, because adults often disperse over large
distances. Populations of pelagic fish are often therefore unfrag-
mented over large areas, because groups of fish can migrate
thousands of kilometres (Begg et al., 1998; Chikhi et al., 1998;
Laurent et al., 2007), usually leading to weak genetic differen-
tiation (Ward et al., 1994; D’Amato and Carvalho, 2005). For
some populations of pelagic fish, genetic differentiation can
result from breaks in the hydrography, such as the Almeria—
Oran front that limits gene flow (Patarnello et al., 2007), or
from environmental conditions that can change the effective
size of a population and/or its reproductive success (Gaggiotti
and Vetter, 1999). In this context, a genetic break in marine
pelagic species provides an opportunity to understand

mechanisms influencing population structure, along with the
consequences for fisheries management.

The European sardine (Sardina pilchardus) is found from the
Celtic Sea and North Sea south to Mauritania, with populations
in the Mediterranean Sea and the Black Sea. Populations of
Madeira, the Azores and the Canary Islands are at the western
limit of the distribution (Parrish et al., 1989). Occasionally, popu-
lations may be found as far south as Senegal during episodes of low
water temperature (Corten and van Kamp, 1996; Binet et al.,
1998). Recent genetic surveys failed to detect any genetic differ-
ences among sardine samples in the Bay of Biscay, although a
cline was observed for two loci (PGM-1*, PEP-LT*), using multi-
locus heterozygozity and geographical data, i.e. longitude (Laurent
et al., 2006). Additional genetic results emphasize a low effective
population size despite a large total population (Laurent and
Planes, 2007). However, Chlaida et al. (2005) demonstrated a
break in the genetic structure in the area of the Bay of Agadir
(Morocco), a break mainly resulting from a discontinuity in the
allelic frequencies of the SOD* allozyme.

Our most recent analysis was conducted on samples from seven
stations (n =251). Two enzymes were surveyed (LDH* and
SOD*), but only SOD* was polymorphic and highly informative.
Statistical analysis indicated significant heterogeneity between
samples. A homogeneous population was identified in the south,
from Tarfaya to Dakhla (24-28°N). The Agadir (30°N) popu-
lation appeared to overlap with others. The population identified
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offshore of Larache (35°N) was similar to the population located
off southern Portugal (37°N; Chlaida et al., 2005). We note too
that there is a genetic break among mussel populations in this
area (Jaziri and Benazzou, 2002). Considering the interest in the
area and the value of the fishery for sardine, we focused our
work along the Moroccan coast to describe the genetic shift
better, and to investigate the evolutionary and biological processes
responsible for the population structure.

Material and methods

Sampling

In all, 14 samples of 50 sardine were collected (Figure 1). Of these
samples, ten were collected along the coast using the RV “Dr
Fridtjof Nansen” in December 2004, three in the harbours of
Larache, M’dik, and Ras Kebdana, and a last one was collected
in April 2005 (Cadiz) using a Portuguese research cruise.

Fish were dissected to isolate the liver and a piece of muscle.
Each piece of tissue was ground manually on crushed ice in 1 ml
of distilled water, to limit the degradation of enzymatic activity.
Homogenates were subdivided into four Eppendorf tubes and
stored at —30°C.

24° 23° 22° 21° 20° 19° 18° 17° 16° 15° 14° 13° 12°

Allozyme electrophoresis

Samples were processed by horizontal starch gel electrophoresis,
following the technique of Pasteur et al. (1987), using three
buffers (TC 8.0, TC 8.5 and TG 9.0). In all, eight enzymatic
systems were screened: SOD* [EC.1.15.1.1] on TG 9.0; PGM*
[EC 2.7.5.1], IDH* [1.1.142], AAT* [EC 2.6.1.1], MDH*
[1.1.1.37], ME* [EC 1.1.1.40], MPI* [5.3.1.8] on TC 8.0, and
EST* [EC 2.6.11] on TC 8.5. The reader is referred to Shaklee
et al. (1990) for locus nomenclature. In total, we sampled ten
loci, including loci for ME*and MDH*. Alleles and genotypes
were scored according to Shaklee et al. (1990), in which the
most common allele in the first sample was designated as 100.
The other variants were subsequently numbered according to
their electrophoretic mobilities relative to the most common allele.

Statistical analysis

Allelic and genotypic frequencies of polymorphic loci were
obtained by counting phenotypes directly from the gels and ana-
lysing them with GENETIX 4.05 (Belkhir et al, 1996—2004;
http: //www.univ-montp2.fr/genome-pop/genetix.htm). ~ Each
sample’s genotypic frequency deviation from Hardy—Weinberg
equilibrium was assessed with the fixation index (Fs).
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Figure 1. Map of the sampling locations off Northwest Africa.
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Multilocus deviation from Hardy—Weinberg equilibrium was
tested statistically using the Markov chain method implemented
in GENEPOP 3.4 (Raymond and Rousset, 1995). Significance
levels for statistical tests were adjusted for each sample with a
sequential Bonferroni procedure (Rice, 1989). Genetic divergence
between samples or populations was assessed with Wright’s stan-
dardized variance in allelic frequencies (Fst) (Wright, 1969).
This index was computed over all samples, following the Weir
and Cockerham (1984) algorithm available on GENETIX.

Genetic structure was explored by computing a neighbour-
joining tree with groups tested using the hierarchical analysis of
molecular variance (AMOVA) implemented in ARLEQUIN
2.000 (Excoffier et al., 1992; Schneider et al., 2000). This provided
estimates of the percentage of total variance accounted for within
and among groups of samples. The basic objective was to find a
maximum variance among groups, and a minimum within, to
test whether groups aggregated in genetically similar samples of
isolated major genetic units. Statistical significance was deter-
mined by more than 1000 permutations of genotypes.

The correlation between geographic distance separating sites
and genetic differentiation (multilocus Fst) was performed over
all loci using Mantel’s test, based directly on the distribution of
10000 randomized matrices computed by a permutation
(Mantel, 1967). Mantel’s tests were computed using the
MANTEL procedure in GENETIX. We followed the Hutchinson
and Templeton (1999) model that directly links Fsr with geo-
graphic distance for these correlations.

We computed o, the dispersal rate per generation needed to
produce a linkage disequilibrium in the centre of a cline, from
o = wy/(Dr), according to Szymura and Barton (1986). In this
estimate, w is the cline width, D the average linkage disequilibrium
in the centre of the cline, and r = 0.5 for unlinked loci. Linkage
disequilibrium values (D) are constrained by allele frequencies,
and they decrease in populations that show a small number of
polymorphisms. Therefore, we used the correlation coefficient R
between loci, R= D/./(pquv), as the linkage disequilibrium
value, which lies between —1 and +1 (Szymura and Barton,
1986), and obtained the equation o = w,/(Rr)/4. Two methods
estimate w, the width of the clines. Following Szymura and
Barton (1986), the width of the cline was the geographic distance
including 20 and 80% of parental genotype. This method implied
that we sampled the entire cline. The second method, that of
Barton and Gale (1993), proposes that width is the inverse slope
of the cline if allelic frequencies are shifted from 0 to 1. If not,
then the estimate of width is corrected by w = Ap/slope.
Linkage disequilibria and correlation coefficients were estimated
using the LINKDIS program (Black and Krasfur, 1985)
implemented in GENETIX. It was assumed that diploid genotypes
were in Hardy—Weinberg proportion, to reduce the problem to an
estimation of haploid gamete frequencies. Moreover, the third and
higher order disequilibria were considered to be zero, reducing the
computations to pairwise comparisons among all interpretable
loci. Linkage disequilibrium was statistically tested using the
Markov chain method implemented in GENEPOP 3.4.

Results

Among the loci, only SOD* and PGM* were highly polymorphic,
whereas IDH*, AAT*, and EST* showed low levels of polymorph-
ism, and ME-1*, ME-2*, MDH-1*, MDH?2*, and MPI* were mono-
morphic (Table 1). All samples were in Hardy—Weinberg
equilibrium (Fig=0.018, p=10.128). The overall genetic
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differentiation was highly significant, with Fgr = 0.205 (p <
0.000). From the pairwise genetic differences matrix (Table 2)
and the neighbour-joining tree (Figure 2), we noted a segregation
of two groups: (i) Sidi Ifni, Tarfaya, Laayoune, Dakhla, Cap Blanc,
and Mauritania, and (ii) Cadiz, Larache, Safi, Essaouira, and
Agadir from the Mediterranean, expressing only limited differ-
ences between Atlantic and Mediterranean samples. The
AMOVA of these two groups explained 29.58% of the total var-
iance and was highly significant (p < 0.001; Table 3). In contrast,
this AMOVA showed that, while being significant (p < 0.01), just
2.15% of the total variance was contained within groups,
suggesting some minor differentiation within the two groups.

Separate analysis of each locus indicated that most of the vari-
ation was attributable to allelic frequency differences in SOD*. In
SOD*, we demonstrated a significant relationship between allele
Sod*-100 and latitude (r*=0.78, p <0.001) and longitude
(r>=0.878, p < 0.001; Figure 3). Sod*-100 frequencies were
similar from Mauritania to Tarfaya, and from Essaouira to
Cadiz, with a major transition between Sidi Ifni and Agadir.
Frequencies in Mediterranean samples also appear to be different
from Atlantic frequencies, suggesting another break near the Strait
of Gibraltar. Finally, Mantel’s test demonstrated a significant
relationship between geographic distance and pairwise genetic
differentiation among all samples (r = 0.80, p = 0.0003).

Based on clines of two alleles, Sod*-100 and Sod*-80 frequen-
cies, we estimated the width of the two clines (i.e. the length of
the two transition zones). According to the Barton and Gale
(1993) model, we described a theoretical width of the slope of
2066 km between Mauritania (19°03'N 16°28'W) and Ras
Kebdana (35°09'N 02°26’'W). All samples were pooled within a
single population, and the correlation coefficient (r) between
SOD* and PGM-1* for the cline was 0.067 (p = 0.05). Based on
w and the computed R-value, we estimated the dispersal rate to
be o= 189 + 52 km per generation, representing ~9.1% of the
cline width.

To verify whether the SOD* locus is under selection, we fol-
lowed Beaumont and Nichols (1996; Figure 4), a method based
on the distribution of Fsy conditional on gene diversity rather
than allele frequency. They generated, by simulation, the 95% con-
fidence intervals for Fsr under distinct genetic models, then the
estimates of Fgrat different loci were plotted against their expected
gene diversities. Outlier loci were considered under selective
regime (Guinand et al., 2004). The test shows that no polymorphic
locus deviates from the expected under neutrality.

Discussion and conclusions

This analysis of the genetic structure of S. pilchardus from the
Atlantic and Mediterranean Moroccan coast based on allozyme
markers demonstrated strong heterogeneity among samples
(Fst = 0.205). Such strong differentiation among populations is
unusual in pelagic species (Bembo et al., 1996; Ramon and
Castro, 1997; Cimmaruta et al., 2005), and it raises questions of
its origin and maintenance through time. In this study, the
genetic differentiation is attributable to a single locus, SOD*,
that has been used before in S. pilchardus to discriminate fish
stocks (Ramon and Castro, 1997; Chlaida et al., 2005; Laurent
et al., 2007), and all other loci screened were almost monomor-
phic. In fact, SOD* alone discriminates the break in the Agadir
area, as well as the break at the Strait of Gibraltar. In addition,
all gradients, e.g. longitudinal, latitudinal, and distance, are exclu-
sively driven by SOD* allelic frequencies.
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Table 1. Allelic frequencies, observed heterozygosity, and Fs values for the samples of S. pilchardus.

Locus Allele Sample

Mauritanie Cap Blanc Dakhla Bojdor Laayoune Tarfaya Sidi Ifni

Essaouira

mdik

Ras Kebdana

0.092

0.087

0.050

0.051

—0.102

0.062

0.262

0.141
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Table 2. Fst pairwise values for all sites, with emboldened values representing statistically significant differences (p < 0.001).

Site Cap Dakhla Bojdor Laayoune Tarfaya Sidi  Agadir Essaouira Safi Larache Cadiz M’dik Ras
Blanc Ifni Kebdana
Mauritanie  —0.003 —0.013 —0.005 —0.005 —0.007 0.075 0.193 0.290 0.260 0.311 0311 0.473 0.549

Sidi Ifni
Agadir
Esélaouiir.a
on
Larache

A genetic cline, i.e. a geographic zone with differentiated inter-
breeding populations, has been described in few cases in the
marine ecosystem (e.g. Duggins et al., 1995; Hare and Avise,
1996; Planes and Doherty, 1997; Sotka et al., 2004). In fact,
clines may represent an evolutionary balance between selection
and dispersal, so long as the stability of the cline in time and
space can be assumed (Barton and Hewitt, 1985; Barton and
Gale, 1993). For the European sardine, strong genetic divergence
was described by Chlaida et al. (2005), and it is likely that the
actual steep break-down in allelic frequencies of SOD* in the
area of Agadir is stable at least over short time-scales. Currently,
the significant relationship between geographic distance and pair-
wise genetic differentiation statistically validated by Mantel’s test
(r=0.80, p=10.0003) reflects a spatial gradient in the genetic

Mauritanie

Dakhla Boujder

Tarf:
i Cap Blanc

Laayoune

Sidi Ifni
Agadir

Safi

M'Dig

Larache

Ras Kebdana

Essaouira

Figure 2. Neighbour-joining dendrogram of genetic distance for the
SOD* locus using the distance matrix of Nei (1978).

differentiation compatible with cline shape and isolation by dis-
tance models, which we discuss below.

Overall, given the high fecundity, large population size, and
potential migration capability across the lifespan of the sardine,
the strong divergence between southern and northern areas of
the Moroccan coast can only result from a scenario involving iso-
lation of a southern peripheral population at some stage in ances-
tral time, with subsequent reunion in the main northern
distribution area. Even considering such a historical scenario,
maintenance of the current situation requires significant limit-
ation in the gene flow. Part of the explanation is certainly related
to the hydrodynamics in the area, with complicated upwelling
and gyres along the southern Moroccan coast, in addition to the
previously identified barriers of the Strait of Gibraltar and the
Alboran Sea in the north, which together serve to limit gene
flow. Along the Atlantic coast of Morocco, the vertical distri-
butions in the northern area (Cap Sim to Cap Ghir) (31°30°—
30°37'N) and the southern area between Sidi Ifni (29°12'N) and
Cap Draa (~29°N) are different (Johnson and Stevens, 2000;
Stevens and Johnson, 2003). In the northern part, the upwelling
is situated between Cap Sim and Cap Tafelney (32°30°—
31°06'N). The bottom topography allows a southwest extension
from this tongue of cold water, rich in nutrients. Between this

Table 3. AMOVA analysis comparing two groups of Sardina
pilchardus.

Source of df. Sum of Variance Percentage  p-values
variation squares components of variation

Among 1 5624 0.08 29.58 0
groups

Among 12 9.17 0.01 2.15 0
populations

within groups

Within 1332 25345 0.19 68.27 0.00
populations

Total 1345 31886 0.28

Group 1 included samples from Cadiz, Larache, Safi, Essaouira, Agadir, Ras
Kebdana, and M’dik, and Group 2 included samples from Sidi Ifni, Tarfaya,
Laayoune, Boujdor, Dakhla, Cap Blanc, and Mauritania.

€202 1990120 G U0 1s9nB Aq 9Z8Y6S/¥92/2/99/2101He/sWISe01/woo"dno-ojwapese//:sdny Wwoly papeojumoq



Evidence of a genetic cline for Sardina pilchardus along the Northwest African coast 269

1.2 4
1.1 4

Sod*-100 frequency

one & B0 2o
MWk o NP =
P!

LN S B B S B B SR EEES EH S S B R e m memn e pem m |

1516 1718192021222324 252627 28293031323334353637 38
Latitude

1.2

-
1

o

-]
L
*

Sod*-100 frequency
o o
-]
*

o
(N
L

o

10 15 20
Longitude

(=]
w

Figure 3. The relationship between Sod*-100 frequency and latitude
(top panel) and between Sod*-100 frequency and longitude (bottom
panel).

tongue and the coast, a countercurrent transports warmer water
from the Bay of Agadir to the north of Cap Ghir (Minas et al.,
1982). In the southern area, between Sidi Ifni and Cap Juby
(~28°N), the continental shelf is wider and has a gentler slope.
The winds are more regular but intermediate in strength, with
means falling between the maxima and the minima of the north-
ern area.
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Figure 4. Distribution of per-locus Fsy values as a function of
heterozygosity. Dotted lines denote 0.95 and 0.05 quantiles
estimated from simulation conducted in the Fdist program, and the
solid line represents the median. Each dot represents a locus. Dots
above the upper dotted line may be classified as outliers potentially
under divergent selection, and dots below the bottom dotted line as
outliers potentially under balancing selection. Here, only one locus is
found outside the confidence interval, PGM*, which appears below
the bottom dotted line.

The cold waters of the upwelling appear at the surface only
occasionally. From Cap Ghir to Cap Juby (roughly 30°37'N to
28°N), the coastline has a prominent concavity. This, together
with the morphology of the Atlas range in this region, causes the
upwelling to be reduced, even during summer. The Cap Ghir fila-
ment (~30°N), which stretches offshore many hundreds of kilo-
metres into the open ocean, persists year-round. Pelegri et al.
(2005) suggest that, in autumn, the Cap Ghir filament represents
a major separation of the Canary Current from the coast, poten-
tially exporting large quantities of organic material into the open
ocean. Near Cap Juby, the Canaries archipelago introduces large
mesoscale variability, mainly in the form of downstream vortices
(Aristegui et al., 1994) that interact with the Cap Juby filament
system and enhance cross-slope exchanges. Such structure would
lead to a strong, stable hydrodynamic barrier in the area of
Agadir that would explain the major break in the genetic structure
of the European sardine. At the Strait of Gibraltar, the barrier to
gene flow appears more flexible, because there is not such a
reduction in the allelic frequencies of SOD*. In fact, the break in
the Alboran Sea has been described previously, with the existence
of transition zones for several species, e.g. sea bass (Dicentrarchus
labrax; Naciri et al., 1999), mussels (Mytilus galloprovincialis;
Quesada et al., 1995), and other marine species (Borsa et al.,
1999, Bonhomme et al., 2002). The break was initially the result
of the isolation of the Mediterranean population when sea levels
were much lower, but it is now maintained by the current bathy-
metric frame that limits water exchange through the narrow strait.
This evidence suggests that hydrodynamic influences probably
explain the genetic structure of sardine along the Moroccan
coast of the Atlantic, and at the Strait of Gibraltar and in the
Mediterranean.

However, based on the equilibrium model of cline, it is difficult
to understand the steep change in SOD* frequencies in the area of
Agadir, assuming that the barrier to gene flow is only oceano-
graphic. The basic theory of clines superimposes the idea of sec-
ondary contact between initially isolated populations, but in the
context of an evolutionary balance between selection and disper-
sal. We showed that, for Agadir, the dispersal is likely to be
limited, so the selection process is also likely to be only marginal
to counter-balance the limited dispersal (Sotka and Palumbi,
2006). From our data, it is not possible to evaluate the selection
because we have only one locus showing significant heterozygosity.
Therefore, we could not test any linkage disequilibrium that could
be viewed as potentially resulting from selective processes. In fact,
as mentioned previously, it is only SOD* that drives the cline.
SOD* has been shown to act in differentiation of populations of
pelagic species such as tunas (Thunnus spp.) in the
Mediterranean (Pujolar et al., 2003). However, it is difficult to gen-
erate an outcome regarding the effect of various alleles of SOD*
because this locus may not be the one under selection and it
could result from a hitch-hiking process. Potential selective pro-
cesses have already been emphasized in clupeoids (Magoulas
et al., 1996; Tudela et al., 1999) and other marine species
(Mallet and Barton, 1989; Borsa et al., 1999; Riginos et al., 2002;
Grant et al., 2006).

Assuming no selective process and considering the entire width
of the cline, we estimate a dispersal rate of 189 km per generation.
This value has, in fact, little meaning for, on the one hand, it is
impossible to estimate the effect of selection, and on the other,
we consider the width of the cline as being the entire Atlantic
coast of Morocco (~2000 km), whereas most of the transition
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in allelic frequencies is between Sidi Ifni and Agadir, which are sep-
arated by ~200 km. With a tenfold reduction in the dispersal rate
for a pelagic species such as sardine, this would probably mean
that the selective process is much stronger. However, the test for
selection (Beaumont and Nichols, 1996; Figure 4) did not reveal
any particular trends in SOD*, refuting the idea that the locus
was under selection. However, the result of this test must be con-
sidered with caution because it was computed with just three loci,
decrease its power. Further work regarding the real effect of SOD*
should be undertaken to identify patterns through year classes, e.g.
comparing young-of-the-year with adults, and larvae with adults,
and investigating any changes through time.

The present work has clearly demonstrated two breaks in
genetic population structure that should be considered by
fishery managers as yielding independent stocks. Genetic surveys
of pelagic species have rarely been able to identify different
stocks. This is clearly an important distinction that should be
kept in consideration during subsequent management decisions
for pelagic species off Northwest Africa. In terms of maintenance
of these stocks, the processes underlying the patterns seem to be
more related to hydrographic features in the area between
Agadir and Sidi Ifni. Moreover, this study has shown that the
apparent oceanic barrier is functional for sedentary species, as evi-
denced for mussels by Jaziri and Benazzou (2002), and for
migratory species such as sardine. However, owing to the limited
number of polymorphic loci, more work is needed, and an analysis
of change over time in each region is needed to confirm the results.
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