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Absract

editerranean mussel (Mytilus galloprovincialis Lmk)
ths a great environmental and economic impor-

tance for Morocco. This work studies the genetic
structure and impact of chemical pollution on three differ-
ent marine populations of Mytilus galloprovincialis that live
within Agadir bay. Three collections were made at two clean
sites (Cape Ghir and Cape Aglou) and at an impacted site
exposed to intense boating and industrial activities (Anza).
A 300-bp portion of the mitochondrial DNA coding-region
Cytochrome C Oxidase subunit 1 (COI) was studied by poly-
merase chain reaction (PCR) and DNA sequencing reactions
to assess and evaluate amounts of polymorphism in each
site. Genetic analysis using COI for 64 individuals showed
no significant differentiation between the three subpopula-
tions. AMOVA demonstrated that only 2.83% of variation
exists between populations. Besides the genetic evidence
presented herein, mussel’s adaptation mechanisms and strat-
egies to marine pollution are also discussed.
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gene, marine pollution, mussels’ genetic structure.

* Corresponding author: amalkorridal1@aol.com

Introduction

Mytilus galloprovincialis is a cosmopolitan and an invasive
species with antitropical distribution that occurs in the Atlantic
coasts from Agadir bay to the British Isles, the whole Mediter-
ranean basin, South Africa, New Zealand and California. (Mc-
Donald et al. 1991 and Naciri 1998). In the Northern Hemi-
sphere, M. edulis constitutes a complex comprising three species:
M. galloprovincialis, M. edulis and M. trossulus. Genetic studies
on mussels using morphometric characters, allozymes and the mi-
tochondrial 16S rDNA gene (McDonald et al.1991 and Hilbish
et al. 2000) suggested that in the Southern Hemisphere, mussels
are in general closely related to M. galloprovincialis, except
for Mytilus spp. from Kerguelen Islands and South America that
might be related to M. edulis (Gérard et al. 2008).

The taxonomic status of the genus Mytilus is still unclear and in
Morocco, where hybridization is the most likely common, at least
four species belonging to the family Mytilidae can be found:
Perna perna (Abouabdellah et al. 2008), Mytilus galloprovin-
cialis (Daguin et al. 1999 and Kaimoussi et al. 2001), Mytilus
edulis (Dardignac-Corbeil 1986), and Perna picta (Shafee et al.
1989 and Wood et al. 2007). The coastal and marine environ-
ment of Agadir bay, which stretches for about 8 km, is exposed
to intensive urban rejections at Anza area, as a consequence of
industrial, agricultural, and boating activities that characterise
this area. The majority of pollutants are directly discharged in
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the Atlantic Ocean with no preliminary treatment. We chose to
work on the Mediterranean mussel species for several reasons:
(i) it has social, economic and ecological interest (ii) as a sentinel
species, sensitive to xenobiotic substances and bio-accumulating
marine pollutants, it constitutes a good indicator of water qual-
ity (iii) its sampling is straightforward, especially during low-tide
periods (iv) except for the studies done by (Jaziri et al. 2002
and 2003), the genetics of mytilids is not well-studied in Mo-
rocco, whereas their biology, population dynamics and ecology
is much better known (Bouhaimi et al. 1999-2000, Mimouni et al.
2002, Moustaid et al. 2005, Maanan et al. 2008).

We examined a part of the mitochondrial DNA (mtDNA) Cy-
tochrom C Oxidase subunit | (COI) to study the genetic structure
of Mytilus galloprovincialis species and to assess the impact of
pollution or environmental contamination on this important com-
ponent of the Moroccan marine community.

Materials and Methods
Study Sites and Sample Collection

Three stations on the Atlantic coast of Morocco were the sub-
ject of this environmental and genetic study: (a) Cape Ghir sta-
tion (30°38 N and 9°53 W) is situated 50 km north of Agadir
City. This clean area with an important ecological interest is con-
sidered as the southern limit of the coastal Upwelling (Benomar
et al. 2006). In April 2008, 16 females were collected and a
seawater pH of 7.7 was measured, (b) Anza station (30°26 N
and 9°38 W) is located 8 km north of Agadir City. This site is
exposed to intensive boating and industrial activities and is clas-
sified as polluted (trace metals, inorganic elements, polycyclic
aromatic hydrocarbons ...etc.) (Mimouni et al. 2002). A total
of 32 individuals were sampled in June 2008. The seawater
pH was 7.2, and (c) Cape Aglou site (29°48 N and 9°49 W) is
approximately 100 km south of Agadir City at the foot of the
Anti-Atlas Mountains. In April 2008, a total of 16 females were
collected from Afetass Aglou village. The seawater pH was 8.8.
The whole sampling process was carried out during the low-tide
periods and all samples were put on ice during their transporta-
tion to the laboratory, and then stored at -20°C.

DNA Extraction, Primers Design, Amplification and Sequencing

Genomic DNA was extracted from the adductor muscle us-
ing phenol-chloroform (Sambrook et al. 1989) and Chelex-100
methods. A part of the mitochondrial COI gene (300 bp) were
amplified using (Folmer et al. 1994) primers, which we modified
and re-designed in this study: LCOI1490-M13F: 5-AGG GTT
TTC CCA GTC ACG ACG TTG GTC AAC AAA TCA TAA AGA
TAT TGG-3’and HCO2198-M13R: 5’-GAG CGG ATA ACA ATT
TCA CAC AGG TAA ACT TCA GGG TGA CCA AAA AAT CA-3'.
Gradient PCRs were used during the optimisation phase and for
a final volume of 20pl. The PCR master mix contained 1.5l of
ADN, 10UM of dNTPs, 2.5UM of MgCI2, 0.5UM of forward and
reverse primers, 0.0375 units of Taq Polymerase and 10.75pl
of MilliQ H20O. PCR reactions were carried out using a Biome-
tra T1 thermal cycler under the following conditions: one cycle
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at 94°C for 4 min, 30 cycles at 94°C for 15s, 60°C for 30s
and 72°C for 30s, and one final cycle at 72°C for 10 min. PCR
products were loaded in a 1% low melting point agarose gel
and visualised under UV light. Using a sterile scalpel, the bands
of interest were cut from the agarose gel and purified using the
traditional Freeze-Squeeze method (Diethard & Renz 1983).
8.15Ul of each purified PCR product were then used as a tem-
plate for bidirectional sequencing using the fmol® DNA cycle
sequencing system (Promega). The same PCR profile was used
as described above except for the addition of 10% DMSO as
an adjuvant. Sequencing PCR products were electrophoresed on
a Li-COR 4000L sequencing device with a 6.5% Li-COR KB Plus
Gel Matrix.

Data Analysis

Sequences were aligned and edited using the software Pro-
seq v 2.91 (Filatov D.A 2002). TCS Software (Clement et al.
2000) was used to infer the genealogical relationships among
haplotypes of the 3 populations and the construction of the Mini-
mum spanning network. Analysis of Molecular Variance (AMO-
VA), genetic variance partitioning among and within popula-
tions, pairwise Fst and P-value, and the assessment of the gene
flow amount were carried out using Arlequin package (Excoffier
et al. 2006). The distance method considered was the Kimura
2-parameters (1980). Neutrality tests, haplotype and nucleo-
tide diversities, genetic code assignment, DNA polymorphism,
and divergence were estimated using DnaSP v. 5.10.01 (Lib-
rado and Rozas 2009).

Results
Intra-population Variation

A total of 300 bp of M. galloprovincialis’ COl was success-
fully sequenced and generated 13 haplotypes (8 hplotypes in
Anza site with 3 shared and 5 private, 4 haplotypes in Aglou
site with 3 shared and 1 private and 6 in Cape Ghir site with
2 shared and 4 private). The haplotypes distribution within the
whole population of mussels is given in (Table 3). Were carried
out also, 10 segregating or polymorphic sites with 5 in Anza
site at nucleotide positions (109, 112, 224, 235, and 265), 5

Table 1. DNA sequences variation of the 13 observed haplotypes in the
three populations of Mytilus galloprovincialis at Agadir bay.

Haplotypes 6 54 88 109 112 170 224 235 265 270
Hap 1 (Anza 1) A T T T C T C T T C
Hap 2 (C.Ghir 26) . C . . . A . . .

Hap 3 (C.Ghir 13) . . C . . . . . C

Hap 4 (Anza 32) . . . C
Hap 5 (Anza 19)

Hap 6 (Anza 21)

Hap 7 (Anza 31) . . . . . . .
Hap 8 (Anza 30) . . . . . . T C C

Hap 9 (Anza 14) . . . . . . . C C .
Hap 10 (C.Ghir 28) . . . . . . . . . A
Hap 11 (Anza 4) . . . . . . . C

Hap 12 (C.Ghir 14) . . . . . . T . .

Hap 13(CAglou11)  C C . . . . . . C

e T i




Table 2. Summary of the DNA polymorphism inferred from 64 mtDNA
sequences of M. galloprovicialis in Agadir Bay.

Study Sites  n No. of Segregating Sites  No. of Haplotypes ! -

o 2 8 08044200431 00043200031
Copehgn 10 4 0675000853 0.00350.0027
et © b 07667£00839  000420.0031

(h): Gene or haplotype diversity * standard deviation
(): Nucleotide diversity + standard deviation.

Table 3. Haplotype distribution in the Mediterranean mussel among the
three study sites.

Haplotype Anza (32)
Hap1 11
Hap4
Hapé
Hap7
Hap8
Hap?
Hap5
Hap11
Hap13
Hap2
Hap3
Hap10
Hap12

C. Aglou (16) C. Ghir (16)

OO0OO0OO0O—-UOOOONO®
N—=—==0MNOOOOOON

OO O0OO0OO0OWWWN=—=—=0-—

Table 4. Estimates of pairwise P-value (above the diagonal) and Fst
(below the diagonal) for the three populations of the Mediterranean
mussel. ¥ P < 0.05.

Anza C. Aglou C. Ghir
Anza - 0.33496 0.02637*
C. Aglou 0.00562 - 0.70801
C. Ghir 0.06792* -0.01922 -

Table 5. Analysis of Molecular Variance (AMOVA) at the inter- and
intra-population levels.

Degreesof  Sumof  Variatio % of
Source of Variation freedom squares n variation
Among populations 2 1.972  0.01816 2.83
Within populations 61 37.993 0.62283 97.17
Total 63 39.964  0.64098 100

in Aglou site at positions (6, 54, 112, 235, and 265), and 7 in
Cape Ghir at positions (54, 88, 170, 224, 235, 265, and 270)
(Table 1 and 2). The nucleotide and protein sequences of the 13
haplotypes were deposited in GenBank under accession num-
bers F1638333, F1638334, F1638335, FJ638336, F1638337,
FJ638338, FJ638339, FJ638340, FJ638341, FJ638342,
F1638343, F1638344, and FJ172994. The genetic code was
first assigned assuming the invertebrates mitochondrial code as
described by (Hoffmann et al. 1992) in Mytilus. Five parcimony
sites (54, 112, 224, 235, and 265), six sites with synonymous or
silent substitutions (88, 109, 112, 224, 235, and 265) and four

Figure 1. Minimum spanning network constructed from the 300 bp se-
quences of the mtDNA Cytochrome C oxidase gene.

sites with non-synonymous substitutions or amino acid altering
mutations (6, 54, 170, 270) were determined at the first and /or
the second position of codons (Table 1). The 4 latter substitutions
changed the amino acid sequences of the studied exon (Table
6). Diversity parameters are presented in (Table 2). Haplotype
diversity (h) ranged from 0.6750 to 0.8044 and nucleotide di-
versity (1) from 0.0035 to 0.0043.

Tajima’s selective neutrality test (1983) generated the fol-
lowing results: D = -0.96266 for Cape Aglou population, D =
-1.42180 for Cape Ghir population, and D = 0.03136 for Anza
population. All tests were not statistically significant (P > 0.10).

P
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Canary Islands

Figure 2. The Canary Current along the Atlantic coast of Morocco (as
described by Machin et al. 2006). LP: La Palma, AC: Azores Current,
CC: Canary Current, CUC: Canary Upwelling Current, and NEC: North
Equatorial Current.
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Table 6. Distribution of non-synonymous substitutions. Four amino acids were changed: Tyrosine (Y) to Serine (S), Valine (V) to Alanine (A), Tyrosine

(Y) to Asparagine (N), and Threonine (T) to Lysine (K).

ANZAL
ANZAZ
ANZAZ
ANZA4
ANZAL
ANZAG
ANZAT
ANZAS
ANZAD
ANZALD
ANZALL
ANZALZ
ANZALZ
ANZALY
ANZALS
ANZALG
ANZALT
ANZALS
ANZALD
ANZAZD
ANZAZL
ANZAZZ
ANZAZZ
ANZAZ 4
ANZAZE
ANZAZG
ANZAZT
ANZAZE
ANZAZD
ANZAZD
ANZAZL
ANZAZZ
AcLOoUZ
AGLOUZ
AGLOU4
AGLOUG
AcLour
AcLous
AGLOUS
AGLOULD
AGLOULL
AGLOULZ
AGLOULZ
AGLOUL4
AGLOULE
AGLOULG
AGLOULY
ACLOULE
CAP.GHIRZE

CAPLGHIRZE wovvvnnnns
CAPLGHIRZS ovvvnnns
CAPLGHIRIO wovvvwnnns
CAPLGHIRIL wovvvnnnns
CAPLGHIRIZ wovvvunnnns
CAPLGHIRLIO oovvvunnns
CAPLGHIRIL o.ovuuvnnss
CAP.GHIR1Z
CAPLGHIRLI o.ovuuvnss
CAPLGHIR14 oovvvunnns
CAPLGHIRLS wovvvunnns
CAPLQHIRLE wovvavunsn
CAPLGHIRLY wovvvuaans

IYPPLEVYPY HSGQPSMOVLI WSLHLAGLSS LVYOAINFAST NENMPYLEME GQERAELYWLS ISVTAVLLII SIFWLGGGIT MILFDRMFMT TFFDPAGGD

Inter-population Variation

The mean genetic distance within study sites and for the whole
study areaq, using the Kimura 2-parameters model that takes in
consideration transversions and transitions, was estimated as d
= 0.4%. The mean genetic distance between Anza and Cape
Aglou populations is equal to that between Aglou and Cape
Ghir (0.4%), and between Anza and Cape Ghir is equal to
0.5%. The coefficient of differentiation is of 0.032. In (Table 4),
the values of pairwise Fst and P-values are shown.
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Genetic structure and population differentiation were exam-
ined using the Analysis of Molecular Variance method (AMOVA)
(Excoffier et al. 2006) and this revealed that 97.17 % of varia-
tion exists within populations and only 2.83 % between them
(Table 5). The fixation index (Wright 1951) was estimated at the
5% level as Fst = 0.0283 (P-value = 0.1214).

Gene flow appears to be more common between Anza and
Cape Aglou populations (Nm = 88.49), weaker between Anza
and Cape Ghir (Nm = 6.86), and absent between Cape Aglou
and Cape Ghir populations (Nm <O0).



The Minimum spanning network showed no distinct clades
among the 3 wild populations and the 13 OTUs (Operational
Taxonomic Units) (Fig. 1). Four haplotypes were private in Cape
Ghir (Hap 12, Hap 3, Hap 10 and Hap 2), one in Cape Aglou
(Hap 13) and five in Anza site (Hap 4, Hap 7, Hap 5, Hap 8
and Hap 9). The common ancestor is represented by a central
rectangle (Anzal). The rest of haplotypes was shared between
two or three populations (Hap 1, 6, and 11 between Anza and
Cape Aglou, Hap1 and 11 between Anza and Cape Ghir, and
between Cape Aglou and Cape Ghir.

Discussion
The Choice of the Gene COI

In an early stage, we carried out several tests on the miDNA
hypervariable region. These tests failed to amplify the d-loop
region, most probably due to polymorphism in the species at
the priming sites targeted by the primers we essayed. Indeed,
the genome of mussels is considered one of the most complex
genomes in the Animal Kingdom. Their mtDNA organization can
undergo several genetic events such as Double Uniparental In-
heritance (DUI) (Zouros et al. 1992, Garrido-Ramos et al. 1998,
Zbawicka et al. 2003, Mizi et al. 2005), masculinization event
(Hoeh et al. 1997, Sirna et al. 2007), gene rearrangements,
recombination (Hoffmann et al. 1992, Ladoukakis et al. 2001,
Mizi et al. 2005, Burzynski 2007 et al. and Venetis et al. 2007),
and males heteroplasmy and females homoplasmy (Hoeh et al.
1991, Wenne et al. 1995, Cao et al. 2004). The mtDNA COI
gene was chosen as an alternative for two reasons: (i) its fast
mode of evolution (Wares et al. 2001, Riginos et al. 2004 and
Gérard et al. 2008), and (ii) to our knowledge, the fact that no
genetic study has used this gene to survey the Moroccan popula-
tions of Mytilus galloprovincialis. The studies undertaken on DNA
barcodes, especially focusing on the COI gene, were very useful
and facilitated this population study. In addition to the fact that
the COI gene constitutes the core of a global bio-identification
system for animals, it also allows unambiguous identification of
more than 200 species and remains thus, the most accessible
and practical molecular tool for populations studies (Herbert et

al. 2002).
Genetics of Populations

In population genetics, the distribution of genetic variation
between populations and individuals is deduced from the study
of their genetic structure. The latter is often under the action of
various evolutionary forces like selection, migration, genetic drift
and mutation.

According to (Table 5), the intra-population genetic diversity
is very high in the three zones (97%). In spite of the observed
mutations, AMOVA failed to reveal a significant difference be-
tween the three populations and showed that the essential hap-
lotype variation is essentially due to the intra-population diver-
sity. Mussel mtDNA may also be subject to different selective
pressures (Zbawicka et al. 2003 and Riginos et al. 2004). The
frequency and strength with which selection shapes patterns of

genetic variation is unknown. Whereas all loci should be roughly
equally affected by demography and population history, se-
lected loci may exhibit increased or decreased genetic differen-
tiation relative to neutral loci (Cavalli-Sforza 1966 and Riginos
et al. 2002). Neutrality results suggested that Cape Ghir and
Aglou populations are under the action of a directional and pu-
rifying selection since the values of Tajima’s test were negative.
On the other hand, Anza population might be under the action
of balanced and stabilizing selection that favours the extreme
individuals on this impacted site. Despite the potential pollution-
induced mutations at Anza site, and according to AMOVA, Fst
analysis, and gene flow estimates, it seems that there is a genetic
homogeneity across the three sites, despite inter-site distances
that can be over 150 km. The observed homogeneity could be
explained by the marine Canary currents characterizing this
coastal area (Fig. 2).

Many oceanographic and environmental studies have exam-
ined these currents, which constitute a natural extension of the
main Azores current. Furthermore, (Mittelsstaedt 1991), (Jaziri
et al. 2002), (Stevens et al. 2003), and (Machin et al. 2006)
confirmed that at Cape Ghir, the Canary current hugging the
Atlantic coast changes completely its direction and continues to-
wards the Canary archipelago. This change of direction sudden-
ly cuts and stops the pelagic larval dispersal and, consequently,
the gene flow in this region, characterized also by the formation
of the Upwelling filaments.

Mediterranean Mussel: Genetics and Impact of Pollution

Mussels adijust their functions to ordinary environmental
changes such as, temperature fluctuations and emersion-related
hypoxia and react to various contaminants (Venier et al. 2006).
During the sampling phase, we noticed that the phenotype of the
mussels is slightly different. Mussels sampled from the impacted
area were small and their numbers seem to be depleted. Cape
Aglou samples were medium-sized and abundant, and Cape
Ghir samples were big and apparently abundant. Also, during
the DNA extraction phase, the majority of the tissues of Anza
mussels showed spotted patterns and viscous haemolymphs.
Could this be considered as a manifestation of the pollution im-
pact at Anza region?

In his evaluation of the Moroccan marine environment, (Ber-
raho 2006) stated that the fundamental ecological parameters
like species richness and the abundance have been affected by
the high quantities of heavy metals at the pollution epicentres.
It were also reported, the dramatic impacts of the discharge by
the Jorf Lasfar industrial and phosphate processing complex on
the marine fauna (e.g. mussels showing shell deformations). At
the genetic level, no significant differentiation between Cape
Ghir and Cape Aglou populations was found. However, a shal-
low significant differentiation is observed between Anza and
Cape Ghir populations (Fst = 0.0672 and P-value = 0.002637).
Unless the connectivity factor is taken into consideration, this dif-
ferentiation might not be explained by marine pollution at Anza
region as the 4 non-synonymous substitutions occurred in 3 in-
dividuals that lived out of this impacted region. Our results on
the whole distribution of the genetic variation among and within
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populations demonstrated the absence of structuring between
the three populations (Table 5). The calculation of the global
fixation index confirmed this (Fst = 0.02832). In a similar study,
a lack of genetic structure and likely high gene flow, among Lit-
torina brevicula populations was also found by (Kim et al. 2003)
while working on polluted and non polluted sites around the Ko-
rean coastlines. According to the Food and Agriculture Orga-
nization, only few studies have dealt with the genetic changes
potentially associated to marine pollution. Investigations made
by (Lavie et al. 1982) and (Hvilsom 1983) on molluscs and crus-
taceans showed different survival rates of distinct allozymes
genotypes to heavy metals pollution. (Fevolden et al. 1986)
studied the exposition of Mytilus edulis to low oil contents in
Norwegian fjords and did not detect evidence of a genotypic
selection. Additionally, (Nevo et al. 1986), while studying pairs
of species exposed to marine pollutants, stated that the spe-
cies having the highest level of genetic diversity had the lon-
gest survival potential. Our investigation on mussel’s mechanisms
and strategies of adaptation to marine pollution, led us to a
study conducted by (Duchemin 2007) on marine immunotoxicol-
ogy. Duchemin’s study, carried out on two bivalve species (mussel
and oyster), showed that the immune system adopts a seasonal
variation in narrow correlation with the function of reproduction
(thus, with the genetic function). Moreover, it was demonstrated
that females possess a significantly higher immune competence
than males during all seasons. So, most likely, through this control
of the immune system by sex and reproduction cycle, bivalves
manage to somewhat counter the immunotoxic effect of chemical
and organic pollutants.

Conclusion and Perspectives

Mytilus galloprovincialis constitutes a biological resource with
ecological and economic interests. Certainly, the species plays
an important role for the intertidal communities. For example,
with its filtrating capacity of the marine material in suspension, it
can influence the dynamics of many coastal systems, and conse-
quently, the local marine biodiversity (Seed 1996). Mussels are
also regarded as structural and functional entities because, via
their beds along the marine rocky zone, they provide refuges,
shelters and habitats for other invertebrates such as polychaetes
and amphipods (Peake et al. 1993). The results of the studies
cited above are mostly confirmed by our findings. However, for
a broader evaluation and assessment of the impact of pollution
on mussels’ populations living in Agadir bay, or in the other Mo-
roccan coastal regions, supplementary data and records from
the monitoring and surveillance of the marine areas’ quality, hu-
man exploitation and the surrounding marine ecosystems, prove
to be necessary. Environmental parameters like temperature, sa-
linity, sites exposure to wave action, sites geography and food
availability, also have a great impact on Mytilus galloprovin-
cialis survival and biology (spawning and reproduction periods,
growth, filtration rate...etc.), and should be further investigated
in this region of concern.

The estimation of genetic variation showed that in spite of the
pollution impact, particularly at Anza zone, genetic diversity has
not been lost yet, a factor that might enable the mussels living
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at Agadir bay to survive and cope with the different environ-
mental pressures and stresses. Since mussel farming is nascent in
Morocco, we do hope that this preliminary study might add to
the valorization of the marine resources and the development
of this practice at Agadir bay. For the next phase, we will study
male specimen and also will increase our samples to cover more
Atlantic and Mediterranean regions, so that we can contribute to
a more informed coastal planning in Morocco.
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