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Climate change influences populations by reducing or extirpating local populations, by disrupting pat-
terns of migration and by shifting geographical distributions. These events can affect genetic population
structure in several ways. Molecular markers have been used in numerous population genetic and phylo-
geographical studies of marine species and have detected population responses to climate change in the
last few decades, such as range expansions, adaptative shifts and declines or increases in abundance. Little
is known, however, about the molecular and physiological basis of adaptive responses to climate change
in marine Mediterranean species. The Mediterranean Sea ecosystem is a ‘living laboratory” with native
species that are challenged by environmental change and by invasive species and a ‘gene-climate’ approach
should be adopted as a way of focusing on the relationship between climate warming and genetic diversity.
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1. Introduction

Concentrations of atmospheric greenhouse gases have increased significantly since the start of the
industrial era. This anthropogenic gas loading has altered the radiative forcing of the atmosphere
and has changed the Earth’s climate, producing an increase in average surface temperatures
across the globe in the twentieth century [1]. In the marine realm, climatic changes have shifted
the chemical and biological properties of many marine systems on macro-geographical scales.
However, the processes linking large-scale climate changes and local population responses on
small spatial scales are poorly understood.

Strong interactions occur between the atmosphere, land and sea, but the coarse resolution of
variables in climate models hinders progress in understanding the effects of climate variables on
populations in some topographically complex regions, such as Southern Europe [2]. The Mediter-
ranean Sea represents a relatively simple system that is more amenable to analysis than complex
terrestrial landscapes or large ocean basins. The Mediterranean is a semi-enclosed sea with a
complex system of currents that is shaped by wind patterns, straits and passages, large islands and
complex archipelagos [3]. Hence, the various provinces in the Mediterranean are hydrologically
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heterogeneous, and this produces a complex biogeography of species’ distributions [3-6]. This
sea basin is, therefore, ideal for understanding how a variety of marine species respond to climate
warming.

Global warming is now recognised as the prominent threat to biodiversity in many parts of the
world. Even populations in protected habitats, such as ‘marine protected areas’ (MPA), are suscep-
tible to climate changes, because of the pervasive effects of temperature shifts. Habitat protection
alone may not be enough to ensure the persistence of a population, thus the conservation and
harvest management of species requires the development of objective criteria to assess species’
vulnerability to global climate change [7]. Current criteria for evaluating the actual and potential
effects of climate change on species assume that populations respond rapidly to environmental
changes and, hence, these criteria are largely based on assessing ecological variables [5]. Already,
the distributions of several warm-water invertebrates have expanded northward in the Mediter-
ranean [8-10], and local populations of cold-water species have disappeared during unusual
periods of warm weather [11,12].

Currently, the methods used to evaluate the effects of climate warming on biodiversity are largely
ecological (e.g. population abundance and range) and tend to ignore differences among species
in physiological optima and tolerances that influence ecological and adaptive potentials. How-
ever, researchers are increasingly using molecular technigues and quantitative models to measure
genetic diversity and to investigate the dynamics of climatically influenced populations [13,14].
Thus, population genetics surveys, quantitative genetic assessments and phylogenetics play impor-
tant roles in understanding the responses of species to climate warming. These approaches
complement ecological methods for identifying populations at risk of depletion or extinction.
Although ecologists have long appreciated the conclusion that intrinsic physiological differences
among individuals have a large genetic component, surprisingly few quantitative data support this
relationship, especially for marine species.

2. Thelink between genetic traits and climate

Understanding the genetic structure of natural populations is a foundation for managing fishery
resources [15] and for formulating evolutionary hypotheses [16]. The early use of genetic data
to assess population structure was based on the premise that population variables affected loci
in the same way. However, successive results clearly showed that the factors influencing allelic
distributions can differ from locus to locus because of different regimes of natural selection [17,18].
Hence, an indispensable requirement in designing a study is to match the temporal and spatial
scopes of the research objectives with appropriate molecular markers.

The use of genetic markers to better understand the effects of climate warming on populations
has to be based on the recognition that the genetic profiles of present-day populations were shaped
by historical events. Observed genetic diversities, therefore, provide a view largely into the past;
nevertheless, high-resolution DNA markers can be used to make inferences about relatively recent
events [19]. The use of neutral molecular markers — those unaffected by natural selection — is
important, because these makers can provide insights into factors influencing population structure
(e.g. reproductive isolation), historical demography and levels of genetic diversity. These markers
include some allozyme loci and DNA-based markers such as single nucleotide polymorphisms
(SNPs), mitochondrial DNA (mtDNA) and microsatellite DNA [20].

Three simple models capture the major features of population structure for most organisms in
the Mediterranean Sea [21]. High gene flow species, which are common in marine environments,
are expected to follow the ‘single panmictic unit’ model, in which individuals in a population
potentially mate with any other individual in the population (Figure 1(a)). Some species with
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Figure 1. (Left) Diagrammatic representation of the essential differences between the three models of population struc-
ture: (a) Panmixia, free interchange; (b) discrete subpopulation, no interchange between subpopulations: free interchange
within subpopulations; (c) isolation by distance, local interchange only. Arrows indicate the direction of movement by
individuals for breeding and reproduction, i.e. gene exchange [21]. (Right) Examples of the respective models in Mediter-
ranean species. (a) Panmixia: blue-red shrimp Aristeus antennatus sampled in the western and central Mediterranean
Sea showed an absence of population structure as evidenced by the distribution of the mitochondrial haplotypes [79].
(b) Discrete subpopulations: the gobid Pomatoschistus tortonesei showed a strong genetic partition between the western
(W) and eastern Mediterranean (E) sub-basin, revealing the Siculo-Tunisian Strait (STS) as a hydrographic barrier to gene
flow [30]. (c) Isolation by distance: allele frequencies at the gene Gapdh in the European hake Merluccius merluccius
varied gradually along the cline of the salinity values at the surface layers within the Mediterranean Sea [36].

high levels of migration, or with restricted geographical distributions, may consist of a single
panmictic population. Genetic samples within the distribution of a panmictic population would
not be expected to show significant allele-frequency differences. A second “discrete subpopulation’
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model assumes that subpopulations are separated from one another by physical, environmental
or behavioural barriers that limit migration (i.e. gene flow) between areas (Figure 1(b)). A third
‘isolation by distance’ model assumes limited migration in a physically homogeneous environment
so that neighbouring populations show higher levels of genetic connectivity than more distant
populations (Figure 1(c)). A correlation between genetic and geographical distances between
populations is a signature of this model. The appearance of allele-frequency clines may also
indicate isolation-by-distance population structure.

The results from a population genetic study represent a ‘snapshot’ of not only the accumulated
effects of historical events, but also equilibrium processes such as random drift and gene flow.
However, the apparent lack of genetic differences between areas should not be mistaken for a lack
of information about population structure in a species. For example, results indicating panmixia
(e.g. Aristeus antennatus see below) can yield insights for evaluating possible influences of global
warming.

Because present-day genetic profiles reflect past events, the analysis of genetic variability, espe-
cially DNA sequences, can be used to reconstruct past demographical histories of a species [19].
Historical population events can also be inferred through direct analysis of ancient tissues from
which DNA can be extracted and analysed, as in the case of the recent study by Riccioni et al. [22].
These authors compared microsatellite DNA in Atlantic bluefin tuna samples, Thunnus thynnus,
from the Mediterranean that had been collected almost a century apart, 1911-1926 and 1999-
2007 [22] and unexpectedly found heterogeneous genetic population structures in both time strata
without signs of a declining population. Many oceanographic changes show decadal cycles [1,23],
and these cycles must be accounted for in detecting the effects of climate warming on genetic
structure. For example, introduced populations of the Mediterranean mussel, Mytilus galloprovin-
cialis, expanded rapidly along the west coast of North America and hybridised with indigenous
blue mussels, M. trossulus [24]. The hybrid zone and the distribution of the warm-adapted pop-
ulation of M. galloprovincialis were expected to move northward with climate warming, but a
resampling of the population a decade later showed that both its distribution and the hybrid zone
had moved southward in response to a cooling trend in the Pacific Decadal Oscillation [25].

In the phylogeographic approach to understanding population structure, the dispersal histories
of populations can often be deduced by overlying gene genealogies on population landscapes
(or seascapes) [26]. This approach complements traditional population genetics in understanding
the historical processes influencing population demographics that have sculpted contemporary
populations [26]. In addition to random drift and gene flow, natural selection can also influence
the distributions of molecular markers within and among natural populations [18,27]. On long
time scales, phylogeography converges with biogeography, and together these disciplines shed
light on past dispersal and vicariance events and, possibly, predict future population expansions
or contractions prompted by climate change.

At higher taxonomic levels, researchers can use neutral molecular markers to test biogeograph-
ical models, to delineate phylogenetic relationships among taxa and to detect cryptic species. For
example, mtDNA resolved the phylogenetic relationships among European spider crabs in the
genus Maja and provided insights into the biogeographical origins of species in the eastern Atlantic
and Mediterranean [28]. Further, mtDNA sequences confirmed the taxonomic standings of three
European species, M. brachydactyla, M. squinado and M. crispate, which are often combined in
catch statistics [29].

Bianchi [5] noted the importance of defining biogeographical provinces in the Mediterranean
basin as a means of recognising changes from climate warming. The boundaries separating dif-
ferent biota are not necessarily the same as those representing barriers to gene flow within a
species. Nevertheless, the detection of biogeographical barriers can serve as a starting point for
predicting future micro-evolutionary expansions or dispersal routes of marine species. Within the
Mediterranean, some barriers to gene flow coincide with a biogeographical transition, such as
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the Siculo-Tunisian Strait (STS). A genetic transition detected in a molecular study of the goby
Pomatoschistus tortonesei occurs at hydrographic breaks in the STS [30], and phylogenetic analy-
sis and significant allele-frequency differences revealed a significant division between populations
in the western and eastern Mediterranean sub-basins [30].

The complex hydrography of the STS exerts a strong influence on the water masses flowing
through the strait [31] and appears to limit the dispersal of individuals in several species across it.
This barrier to dispersal has led to genetic differentiation between populations of several species
([30] and references therein). However, Bianchi [5] suggested that the Strait of Sicily is more of a
physiological than a physical barrier to dispersal. In this case, sea temperature gradients play an
important role in defining the boundary between biota in the eastern and western Mediterranean.
A shift in these temperature gradients from climate warming is predicted to also result in a
biogeographical shift [5]. Both range expansions and local adaptation may be responses to climate
warming and can often be detected with genetic analysis, which can also be used to test competing
hypotheses.

3. The‘gene-climate approach

Several environmental variables in the Mediterranean Sea are expected to shift with climate
warming and directly, or indirectly, influence population abundances. Temperature is an important
variable that directly influences the physiology of an organism. However, shifts in salinity from
altered patterns of precipitation during climate warming can also bring about changes in the
Mediterranean, and these changes may be useful, not only for detecting climate change itself, but
also for anticipating the effects of climate change on populations.

The immediate benefit of a ‘gene-climate’ approach is the possibility to correlate changes in
these environmental variables with population dynamics, with recent dispersals or with novel
adaptations [17]. Marine species can respond to challenges from temperature shifts in several
ways. One is a plastic response mediated by “all-purpose’ genotypes or by changes in gene expres-
sion, without changes in the structural genes themselves. Short-term protection from temperature
increases may be conferred by heat-shock proteins that protect metabolic enzymes and other bio-
logically important proteins [32,33]. A plastic response, however, may be difficult to distinguish
from some kinds of selection, for example, heterozygote advantage, in which heterozygous indi-
viduals may thrive in a wider range of temperatures than homozygous individuals. Heterozygous
advantage might be detected with departures from Hardy—\Weinberg genotypic proportions, but
only if selection is strong. This form of selection is unlikely to produce a shift in gene frequencies
that could be detected with a search for outlier molecular markers or candidate genes.

A second adaptive response to climate change is an increase in the frequencies of genes that
provide an adaptive advantage to an individual. The search for genes that confer production
advantages has been a major research effort in agriculture and mariculture, and many of the same
methods can be applied to the study of natural populations. If ecological differences between
natural populations are due to genetically based functional differences, then it may be possible to
make predictions not only about potential range-shifts in the Mediterranean, but also about the
fate of a species during climate warming.

The search for correlations between molecular markers and environmental variables is an
important first step, but only detailed studies of behaviour or physiology can lead to a more robust
understanding of the adaptive responses to climate change. For example, Bernardo et al. [34]
explored the utility of using interspecies physiological variation to track the effects of climate
warming by relating physiological phenotypes in salamanders to patterns of genetic exchange.
The basal metabolic rate (BMR) differed significantly among species, with the largest BMRs
in species with the largest ranges, and smaller BMRs in species with smaller ranges, a pattern
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not associated with body size. The authors concluded that, if physiological properties influenced
vagility, physiological differences might initially be detected as limited dispersal using genetic
markers. Eurythermal generalists exhibited little to no phylogeographic structure, whereas high
altitude, montane specialists showed moderate to extreme levels of genetic differentiation over
small spatial scales. In accordance with a previous hypothesis [35], the authors concluded that
metabolic stress arising from low intrinsic BMR of montane stenotherms limited genetic exchange
and dispersal, leading to restricted ranges. By contrast, the high BMR of widespread eurytherms
permitted exploitation of a wider range of thermal environments, conferring greater vagility, and
facilitating range expansion and substantial genetic exchange [34].

3.1. Analysisof individual genes

Geographical clines may be a good starting point for detecting the effects of natural selection.
Shifts in ocean salinity are indirect, but potentially sensitive, indicators of changes in precipita-
tion, evaporation, river run-off and ice melt [1]. Patterns of salinity change have been correlated
with gene diversity among Mediterranean populations of the demersal fish, European hake Mer-
luccius merluccius. In a study of several allozyme loci, Cimmaruta et al. [36] demonstrated
that two loci, Gapdh and Gpi-2, were characterised by allele-frequency clines, most evident in
Gapdh, which were congruent with a Mediterranean salinity gradient. This pattern was con-
sistent with the ‘Isolation by Distance’ model, in which genetic distances between populations
were correlated with geographical distances. In this case, geographical distances were associ-
ated with a gradient in salinity. Again, genetic clines for several microsatellite loci in Atlantic
cod, Gadus morhua, in Scandinavia were correlated with temperature and salinity gradients [37].
These two environmental variables are likely linked to climate changes in marine waters.

Adaptive ‘seascapes’ can be examined with molecular markers in several ways. One focuses on
genes that respond to environmental variability over space and time. Temperature may exert a pri-
mary influence on some metabolic loci through the regulation of enzyme kinetics [38] and, hence,
may exert a large influence on population abundance and distributions in warmer climates. Numer-
ous studies of inidividual genes, particularly of metabolic genes, have demonstrated the effects
of selection on shaping frequency distributions. For example, a latitudinal cline appears in the
frequencies of lactate dehydrogenase B alleles among populations of the killifish, Fundulus het-
eroclitus, along the east coast of North America. A laboratory analysis of the kinetic properties
of the LDH-B alleles showed that the genotype LDH-BPBP had greater catalytic activity at lower
temperatures than genotypes of the alternate allele, and this was consistent with frequency shifts
in the alleles along the coast [39]. Another well-studied example of selection is the Pantophysin
gene in species of cod, which appears to respond to selection on small geographical scales [40,41].

The analysis of orthogonal gene sequences may give clues to the extent and nature of selection
by comparing the rates of non-synonymous (dy) and synonymous (ds) nucleotide substitutions
among species or adaptive morphs within a species [42]. Functional divergence of a gene between
taxa can be identified by an increase over neutral expectations in the number of non-synonymous
nucleotide substitutions that result in an amino acid replacement in the corresponding protein.
Purifying selection tends to produce fewer non-synonymous substitutions than neutral substi-
tutions (dy < ds), but positive selection is expected to elevate the number of non-synonymous
substitutions relative to synonymous substitutions (dy > ds) because of the adaptive benefits
of the the corresponding amino acid replacements [43]. Among related mammalian species,
dn/ds falls within the range 0.10-0.25 [44], indicating that a substantial part of the mammalian
genome is under positive selection. Most examples of positive selection among marine popu-
lations involve genes conferring pathogen resistance [45], self-recognition genes [46] or genes
coding for reproductive proteins [47].
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3.2. Analysisof quantitativetrait loci (QTLS)

Although the study of single genes can be informative about some kinds of adaptive variability,
most phenotypic or behavioural traits susceptible to environmental selection are controlled by the
small effects of several genes, which collectively are called quantitative trait loci (QTLS) [48,49].
A current focus is on mapping these genes with linked molecular markers, such as microsatellites
or SNPs, to understand adaptive variability in wild populations [50,51]. Most of these studies
have been aimed at terrestrial species, or at aquatic species under culture, for which experimental
crosses between parents of known genotypes can be used to map QTLSs in the genome.

QTLs are more difficult to study than individual loci, because the associations among alle-
les at different loci produced by natural selection lead to gametic and linkage disequilibria that
are weakened over time by independent assortment of chromosomes and by recombination. The
effects of some QTLs on adaptive variation have been studied directly. For example, the Ectody-
plasin (EDS) QTL has a major effect on lateral plate number in threespine sticklebacks [52]. A
geographical survey of EDS alleles grouped populations by plate morphology differed from geo-
graphical groupings based on neutral markers [53]. However, the spatial distribution of closely
associated microsatellite markers, which assorted with plate number in experimental matings, did
not differ from neutral microsatellite markers.

The study of QTLs in wild populations requires the mapping of the molecular markers in
controlled breeding experiments to detect linkages a QTL. This requirement limits the usefulness
of linked markers for eliciting the adaptive responses to climate change in wild populations. Hence,
an initial research approach might be to survey QTLs in species that include captive populations
or are artificially cultured. A few studies of wild populations have used this approach, but most
of these studies have been on terrestrial species of mammals [54,55] or on freshwater fishes [56].

3.3. Genomic scans

Footprints of selection on individual loci can often be detected by contrasts in the amount of
geographical differentiation relative to differentiation observed in neutral molecular markers.
One approach to detecting QTLs, or areas in the genome under selection, is to survey a large
number of molecular markers throughout the genome (a genomic scan) and to test for non-
neutral patterns of differentiation. Molecular markers showing a greater amount of differentiation
among populations than expected from the effects of random drift and migration may be linked
to ‘candidate’ genes that are under positive selection in different environments. Researchers have
used several classes of molecular markers in genomic scans, including SNPs [57,58], amplified
fragment length polymorphisms (AFLPs) [59], or microsatellites linked to coding genes identified
by express sequence tags (ESTSs) [60,61]. Large databases for EST sequences are available for
many species (see [51] for fishes). High densities of genomic markers developed with sequenced
restriction-site associated DNA (RAD) tags [62] have been used to study parallel evolution of
marine sticklebacks in freshwater [63].

Several studies of marine organisms have identified ‘candidate’ loci that may be under selec-
tion. Many of these studies have sampled different morphs in a species as a head-start to finding
the molecular basis of previously established adaptive differences. For example, a survey of two
ecotypes of eelgrass in the northeastern Atlantic with SNPs, EST microsatellites and anonymous
microsatellites identified outlier loci that appeared to reflect habitat-specific selection [61,64]. A
similar pattern of divergence at replicate locations for markers linked to a cell membrane gene
mediating osmotic stress indicated parallel adaptations. Other studies used AFLPs and microsatel-
lite markers to survey variability in two sympatric morphs of an intertidal whelk and found that
~5% of the markers were outliers, showing a greater degree of divergence than the degree expected
under neutrality [65-67]. Genomic scans have been used to survey variation in lake whitefish [56],
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oysters [68], sticklebacks [69] and Atlantic eels [70] with variable success in identifying candidate
loci under positive selection.

4. Which speciesto study?

The Mediterranean Sea supports a great variety of species in nearly all phyla [71]. These species
include taxa at all trophic levels, ranging from heterotrophic bacteria, to photosynthetic algae and
higher plants, to lower trophic level consumers, and to higher trophic level fishes and mammals.
This assemblage represents a large variety of adaptations to ecological niches extending from
the deep sea to surface waters and from warm temperate waters in the western Mediterranean to
nearly tropical in the eastern Mediterranean. As Mediterranean climates change, the physiologies
of many species will be challenged because of altered metabolic rates and trophic relationships; the
distributions of many species will shift, and some local populations will become extinct [72,73].
How species react to climate change will depend on numerous variables, including body size,
generation time and trophic level.

Species consisting of small individuals have shorter generation times and their richness and
abundance are more affected by short-term climate variability than are the richness and abundance
of large-bodied marine species. Thus, an organism’s size should be considered when choosing a
species to detect the link between population structure and climate changes. For example, smaller
zooplankton, such as copepods, which represent the major portion of marine zooplankton, may be
more informative than larger, longer-lived invertebrates. Unfortunately, a very limited literature
reports genetic data on small invertebrates, but new data are emerging. Examples are studies of
the freshwater copepods that inhabit temporary water bodies [74].

Inaddition to life-history type, a consideration of habitat could be important for selecting species
for study, especially in the light of the sensitivity of European natural environments to climate
change [75]. Variability in the abundances of species inhabiting deep-sea regions can also be linked
to oceanic variables that are influenced by climate change. Large- and meso-scale ocean currents
transport water masses from the surface into the depths, and vice versa. These pathways are
important for detecting anomalies caused by changes in the surface conditions [3,6,76]. Changes
in the abundances of key ecological species can influence an entire marine community [77,78];
however, the genetic population structures of deep-sea organisms are still poorly studied for the
Mediterranean Sea.

A recent study of a deep-sea crustacean decapod in the western Mediterranean Sea [79] revealed
a homogeneous pattern among samples, in an area characterised by turbulent mixing. This area is
characterised by vertical fluxes, especially in the Tyrrhenian basin, and cascading flows of denser
upper-layer waters that enrich deep waters with organic matter [3,6,76]. The blue-red shrimp,
A. antennatus, is characterised by extensive gene flow among subpopulations, which are organ-
ised into a large panmictic unit [79]. Additionally, this species has an excess of rare haplotypes
that produced high values of haplotypic diversity but low values of nucleotidic diversity, a combi-
nation that is generally associated with a recent population expansion [80]. Indeed, these results
describe a scenario in which a species shows little geographical structure but is characterised
by unstable population dynamics [79]. Recently, Company et al. [80] and Maynou [76] found
evidence of long-term fluctuations in populations of A. antennatus after climate shifts affected
the oceanography of the deep sea. Apparently, strong deep currents of cold and turbid water acted
as a physical disturbance, causing individuals to migrate to greater depths and thereby leading
to the disappearance of this species from upper levels. This zooplankton migration produced a
temporary population collapse of fishes that fed on these shrimp. These results were consistent
with genetic results, in which a single Mediterranean panmictic population displayed evidence
of growth and decline. Researchers supposed that cohorts of A. antennatus migrated to greater
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depths searching for food, particularly after physical disturbances caused by shifting climatic con-
ditions to the hydrological parameters of water, salinity and temperature [76,81]. Thus, evidence
of vertical and horizontal displacements, promoting gene flow between populations, appeared to
be consistent with the deep-water circulation pattern of the western Mediterranean. The spatial—
temporal variations in the population abundance of the blue-red shrimp appeared to be linked to
climatic conditions.

The Mediterranean is also a changing sea. Invasive marine species have had large ecological
impacts in several places around the globe [82,83] and are particularly problematic in the Mediter-
ranean [84,85] because this sea encompasses a large number of ecozones. Colonisations by alien
species have largely been facilitated by humans through inadvertent and intentional introductions,
but also ‘naturally’ through the Suez Canal and Strait of Gilbaltar [5,16,86]. Colonisations from
eastern areas have a well-dated starting point, estimated to be about 1970 [5], after the open-
ing of the Suez Canal. These invasives are tropical species, called Léssepsian species, and have
opportunistically migrated from the Red Sea into the Mediterranean Sea.

Being several species of recent origin, the search for climate change effects on these ‘young
Mediterranean species’ may be particularly informative. These colonising propagules are estab-
lishing new populations in the Mediterranean, which will reorganise and develop unique genetic
architectures [16,86] in response to the climate changes in progress. Genetic monitoring of these
species could provide useful insights into the short-term genetic changes in response to rapid envi-
ronmental shifts from climate change. However, most studies have focused little attention on the
mechanisms leading to local adaptation, which should be a pre-requisite to a better understanding
of range expansion models for invasive alien species (IAS), which are often used as indicators of
climate warming [5].

5. Prospects

Species in the Mediterranean Sea are likely to experience unprecedented levels of disturbance
from the effects of coastal development, climate change and invasive species. Researchers can
use molecular markers in a variety of ways to monitor the effects of these influences on marine
life. Neutral molecular markers can be used to assess possible shifts in genetic architectures due
to demographic changes in abundance and connectivity between populations. Most molecular
studies of Mediterranean species have focused on estimating population genetic parameters such
as genetic diversity, gene flow and effective population size, which are indirectly influenced by
climate variability. However, many markers can be used to study the effects of natural selection,
either indirectly as markers linked to quantitative trait loci, or directly on genes under selection.
Equally important are the QTLs themselves, which form the basis of adaptation, but which may not
always reflect the same patterns of genetic diversity detected with neutral molecular markers [87].

Attempts to find candidate genes that respond to climate change have been limited by a “‘needle-
in-a-haystack’ application of linked molecular markers. AFLP methods provide a large number of
markers across a genome, but the developments of SNPs and microsatellite markers for genomic
scans are more time-consuming. These markers must be closely linked to candidate genes to
be effective in the search for adaptive variation. However, a new generation of high-throughput
sequencing methods can sequence substantial portions of a genome in a short time [88,89].
Sequences provide direct access to candidate genes for statistical analysis in wild populations
without having to first map linkage groups and can be used to develop assays, such as microarrays,
for rapid assessments of environmental effects.

Studies of expanding invasive populations, or of declining native populations, can provide
insights into evolutionary mechanisms that shape genetic diversity and can provide valu-
able information for the management and conservation of Mediterranean marine biodiversity.
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Assuming that colonisations through the Suez Canal and the Strait of Gibraltar are correlated with
temperature changes, future observations could strengthen the correlation between invasive alien
species and the increase of sea surface temperature. The Mediterranean Sea is an example of a
‘living laboratory’ for studying biological processes induced by climate change, because of its
location and because of its biological diversity.

Acknowledgements

The authors are grateful to the reviewers and M. Grant for providing valuable suggestions and comments on versions of
the manuscript. This study was supported by the University of Palermo (Fondi d’Ateneo, ex 60%). This commentary has
been inspired by the INTERMED project (CIRCLE Med — European Commission 6th Framework Programme).

References

[1] IPCC, Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change, S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor, and H.L. Miller, eds.,
Cambridge University Press, Cambridge, 2007.

[2] A.L. Gibelin and M. Déqué, Anthropogenic climate change over the Mediterranean region simulated by a global
variable resolution model, Clim. Dynam. 20 (2003), pp. 327-339.

[3] M. Astraldi, S. Balopoulos, J. Candela, J. Font, M. Gacic, G.P. Gasparini, B. Manca, A. Theocharis, and J. Tintore,
The role of straits and channels in understanding the characteristics of Mediterranean circulation, Prog. Oceanogr.
44 (1999), pp. 65-108.

[4] C.N. Bianchi and C. Morri, Marine biodiversity of the Mediterranean Sea: situation, problems and prospects for
future research, Mar. Pollut. Bull. 40(5) (2000), pp. 367-376.

[5] C.N. Bianchi, Biodiversity issues for the forthcoming tropical Mediterranean Sea, Hydrobiologia 580 (2007),
pp. 7-21.

[6] C. Millot, Circulation in the western Mediterranean Sea, J. Mar. Syst. 20 (1999), pp. 423-442.

[7] E.E. Hofmann and T.M. Powell, Environmental variability effects on marine fisheries: four case histories, Ecol.
Appl. 8(Suppl.) (1998), pp. S23-S32.

[8] C.N. Bianchi and C. Morri, Southern species in the Ligurian Sea (northern Mediterranean): new records and a
review, Boll. Mus. Ist. Biol. Univ. Genova 58/59 (1994), pp. 181-197.

[9] P. Francour, C.F. Boudouresque, J.G. Harmelin, M.L. Harmelin-Vivien, and J.P. Quignard, Are the Mediterranean
waters becoming warmer? Information from biological indicators, Mar. Pollut. Bull. 28 (1994), pp. 523-526.

[10] P.Chevaldonné and C. Lejeusne, Regional warming-induced species shift in north-west Mediterranean marine caves,
Ecol. Lett. 6 (2003), pp. 371-379.

[11] C. Cerrano, B. Bavestrello, G. Bianchi, R. Cattaneo-Vietti, S. Bava, C. Morganti, C. Morri, P. Picco, G. Sara,
S. Schiaparelli, A. Siccardi, and F. Sponga, A catastrophic mass-mortality episode of gorgonians and other organisms
in the Ligurian Sea (north-western Mediterranean), summer 1999, Ecol. Lett. 3 (2000), pp. 284-293.

[12] J. Garrabou, T. Perez, S. Sartoretto, and J.G. Harmelin, Mass mortality event in red coral Corallium rubrum
populations in the Provence region (France, NW Mediterranean), Mar. Ecol. Prog. Ser. 217 (2001), pp. 263-272.

[13] G.E. Hofmann, J.L. Burnaford, and K.T. Fielman, Genomics-fueled approaches to current challenges in marine
ecology, TREE 20 (2005), pp. 305-311.

[14] K.A. Selkoe, C.M. Henzler, and S.D. Gaines, Seascape genetics and the spatial ecology of marine populations, Fish
Fisher. 9 (2008), pp. 363-377.

[15] S. Lo Brutto, M. Arculeo, and N. Parrinello, Congruence in genetic markers used to describe Mediterranean and
Atlantic populations of European hake (Merluccius merluccius L. 1758), J. Appl. Ichthyol. 20 (2004), pp. 81-86.

[16] M. Sirna-Terranova, S. Lo Brutto, M. Arculeo, and J.B. Mitton, Population structure of Brachidontes pharaonis (P.
Fisher, 1870) (Bivalvia, Mytilidae) in the Mediterranean Sea, and evolution of a novel mtDNA polymorphism, Mar.
Biol. 150 (2006), pp. 89-101.

[17] P.S. Schmidt, E.A. Serrdo, G.A. Pearson, C. Riginos, P.D. Rawson, T.J. Hilbish, S.H. Brawley, G.C. Trussell,
E. Carrington, D.S. Wethey, J.W. Grahame, F. Bonhomme, and D.M. Rand, Ecological genetics in the North Atlantic:
environmental gradients and adaptation at specific loci, Ecology 89(Suppl.) (2008), pp. S91-S107.

[18] J.B. Mitton, Selection in Natural Populations, Oxford University Press, New York, 1997.

[19] S.E. Alter, E. Rynes, and S.R. Palumbi, DNA evidence for historic population size and past ecosystem impacts of
gray whales, Proc. Natl Acad. Sci. USA 104 (2007), pp. 15162-15167.

[20] D.A. Chistiakov, B. Hellemans, and F.A.M. Volckaert, Microsatellites and their genomic distribution, evolution,
function and applications: a review with special reference to fish genetics, Aquaculture 255 (2006), pp. 1-29.

[21] B.J. Richardson, P.R. Baverstock, and M. Adams, Allozyme Electrophoresis — A Handbook for Animal Systematics
and Population Studies, Academic Press, Sydney, 1986.

[22] G.Riccioni, M. Landi, G. Ferrara, I. Milano, A. Cariani, L. Zane, M. Sella, G. Barbujani, and F. Tinti, Spatio-temporal
population structuring and genetic diversity retention in depleted Atlantic bluefin tuna of the Mediterranean Sea,
Proc. Natl Acad. Sci. USA 107(5) (2010), pp. 2102-2107.



Downloaded by [Univ Politec Cat] at 06:57 31 December 2011

Chemistry and Ecology 117

[23] J.H. Steele, Regime shifts in marine ecosystems, Ecol. Appl. 8(Suppl.) (1998), pp. S33-S36.

[24] P.D. Rawson, V. Agrawal, and T.J. Hilbish, Hybridization between the blue mussels Mytilus galloprovincialis and
M. trossulus along the Pacific coast of North America: evidence for limited introgression, Mar. Biol. 134 (1999),
pp. 201-211.

[25] T.J. Hilbish, P.M. Brannock, K.R. Jones, A.B. Smith, B.N. Bullock, and D.S. Wethey, Historical changes in the
distributions of invasive and endemic marine invertebrates are contrary to global warming predictions: the effects
of decadal climate oscillations, J. Biogeogr. 37 (2010), pp. 423-431.

[26] J.C. Avise, Phylogeography: The History and Formation of Species, Harvard University Press, Cambridge, MA,
2000.

[27] W.S. Grant, I.B. Spies, and M.F. Canino, Biogeographic evidence for selection on mitochondrial DNA in North
Pacific walleye pollock Theragra chalcogramma, J. Hered. 97 (2006), pp. 571-580.

[28] C. Sotelo, P. Morén, and D. Posada, Molecular phylogeny and biogeographic history of the European Maja spider
crabs (Decopoda, Majidae), Mol. Phylogen. Evol. 53 (2009), pp. 314-319.

[29] C. Sotelo, P. Moran, and D. Posada, Genetic identification of the Northeastern Atlantic spiny crab as Maja brachy-
dactyla Balss, 1922, J. Crust. Biol. 28 (2008), pp. 76-81.

[30] R. Mejri, S. Lo Brutto, O.K. Ben Hassine, and M. Arculeo, A study on Pomatoschistus tortonesei Miller 1968
(Perciformes, Gobiidae) reveals the Siculo-Tunisian Strait (STS) as a breakpoint to gene flow in the Mediterranean
basin, Mol. Phylogenet. Evol. 53 (2009), pp. 596-601.

[31] K. Béranger, L. Mortier, G.P. Gasparini, L. Gervasio, M. Astraldi, and M. Crépon, The dynamics of the Sicily Strait:
a comprehensive study from observations and models, Deep-Sea Res. 11, 51 (2004), pp. 411-440.

[32] P.M. Halpin, B.A. Menge, and G.E. Hofmann. Experimental demonstration of plasticity in the heat shock response
of the intertidal mussel Mytilus californianus, Mar. Ecol. Prog. Ser. 276 (2004), pp. 137-145.

[33] C. Lejeusne, T. Pérez, V. Sarrazin, and P. Chevaldonné, Baseline expression of heat-shock proteins (HSPs) of a
‘thermotolerant” Mediterranean marine species largely influenced by natural temperature fluctuations, Can. J. Fish.
Aquat. Sci. 63 (2006), pp. 2008-2037.

[34] J.Bernardo, R.J. Ossola, J. Spotila, and K.A. Crandall, Interspecies physiological variation as a tool for cross-species
assessments of global warming-induced endangerment: validation of an intrinsic determinant of macroecological
and phylogeographic structure, Biol. Lett. 3(6) (2007), pp. 695-699.

[35] J.Bernardoand J. Spotila, Physiological constraints on organismal response to global warming; mechanistic insights
from clinally varying populations and implications for assessing endangerment, Biol. Lett. 2 (2006), pp. 135-139.

[36] R. Cimmaruta, P. Bondanelli, and G. Nascetti, Genetic structure and environmental heterogeneity in the European
hake (Merluccius merluccius), Mol. Ecol. 14 (2005), pp. 2577-2591.

[37] E.E. Nielsen,J. Hemmer-Hansen, N.A. Poulsen, V. Loeschcke, T. Moen, T. Johansen, C. Mittelholzer, G.L. Taranger,
R. Ogden, and G.R. Carvalho, Genomic signatures of local directional selection in a high gene flow marine organism;
the Atlantic cod (Gadus morhua), BMC Evol. Biol. 9 (2009), p. 276.

[38] G.N.Somero, Temperature adaptation of enzymes: biological optimization through structure—function compromises,
Annu. Rev. Ecol. Syst. 9 (1978), pp. 1-29.

[39] A.R.Placeand D.A. Powers, Genetic variation and relative catalytic efficiencies: lactate dehydrogenase B allozymes
of Fundulus heteroclitus, Proc. Natl Acad. Sci. USA 76 (1979), pp. 2354-2358.

[40] G.H. Pogson and K.A. Mesa, Positive Darsinian selection at the pantophysin (Pan 1) locus in marine gadid fishes,
Mol. Biol. Ecol. 21 (2004), pp. 65-75.

[41] M.F. Canino and P. Bentzen, Evidence for positive selection at the Pantophysin (Pan 1) locus in Walleye pollock,
Theragra chalcogramma, Mol. Biol. Evol. 21 (2004), pp. 1391-1400.

[42] H. Ellegren, Comparative genomics and the study of evolution by natural selection, Mol. Ecol. 17 (2008), pp. 4586—
4596.

[43] M. Nei and S. Kumar. Molecular Evolution and Phylogenetics, Oxford University Press, New York, 2000.

[44] T.S. Mikkelsen, L.W. Hillier, E.E. Eichler, M.C. Zody, D.B. Jaffe, S.-P. Yang, W. Enard, |. Hellman, K. Lindblad-
Toh, T.K. Altheide, N. Archidiacono, P. Bork, J. Butler, J.L. Chang, Z. Cheng, A.T. Chinwalla, P. deJong, K.D.
Delehaunty, C.C. Fronick, L.L. Fulton, Y. Gilad, G. Glusman, S. Gnerre, T.A. Graves, T. Hayakawa, K.E. Hayden,
X. Huang, H. Ji, W.J. Kent, M.-C. King, E.J. Kulbokas Ill, M.K. Lee, G. Liu, C. Lopez-Otin, K.D. Makova, O. Man,
E.R. Mardis, E. Mauceli, T.L. Miner, W.E. Nash, J.O. Nelson, S. Paibo, N.J. Patterson, C.S. Pohl, K.S. Pollard,
K. Priifer, X.S. Puente, D. Reich, M. Rocchi, K. Rosenbloom, M. Ruvolo, D.J. Richter, S.F. Schaffner, A.F.A. Smit,
S.M. Smith, M. Suyama, J. Taylor, D. Torrents, E. Tuzun, A. Varki, G. Velasco, M. Ventura, J.W. Wallis, M.C. Wendl,
R.K. Wilson, E.S. Lander, and R.H. Waterston, Initial sequence of the chimpanzee genome and comparison with the
human genome, Nature 437 (2005), pp. 69-87.

[45] K.M. Miller, R.E. Withler, and T.D. Beacham, Molecular evolution at Mhc genes in two populations of chinook
salmon Oncorhynchus tshawytscha, Mol. Ecol. 6 (1997), pp. 937-954.

[46] A.G.Clarkand T.H. Kao, Excess nonsynonymous substitution of shared polymorphic sites among self-incompatibility
alleles of Solanaceae, Proc. Natl Acad. Sci. USA 88 (1991), pp. 9823-9827.

[47] W.J. Swanson and V.D. Vacquier, Reproductive protein evolution, Annu. Rev. Ecol. Syst. 33 (2002), pp. 161-179.

[48] A.Vasemadgi and C.R. Primmer, Challenges for identifying functionally important genetic variation: the promise of
combining complementary research strategies, Mol. Ecol. 14 (2000), pp. 3623-3642.

[49] R.W. Doerge, Mapping and analysis of quantitative trait loci in experimental populations, Nat. Rev. Gen. 3 (2002),
pp. 43-52.

[50] J.F. Storz, Using genome scans of DNA polymorphism to infer adaptive population divergence, Mol. Ecol. 14 (2005),
pp. 671-688.



Downloaded by [Univ Politec Cat] at 06:57 31 December 2011

118 S. Lo Brutto et al.

[51] E.E. Nielsen, J. Hemmer-Hansen, P.F. Larsen, and D. Bekkevold, Population genomics of marine fishes: identifying
adaptive variation in space and time, Mol. Ecol. 18 (2009), pp. 3128-3150.

[52] P.F. Colosimo, K. Hoseman, S. Barabhadra, G. Villarreal Jr, M. Dickson, J. Grimwood, J. Schmutz, R.M. Myers, D.
Schluter, and D.M. Kingsley, Widespread parallel evolution in stickback by repeated fixation of Ecodyplasin alleles,
Science 307 (2005), pp. 1928-1933.

[53] J.M. Cano, C. Matsuba, H. Mékinen, and J. Meril&, The utility of QTL-linked markers to detect selective sweeps in
natural populations — a case study of the EDA gene and a linked marker in threespine stickleback, Mol. Ecol. 15
(2006), pp. 4613-4621.

[54] J. Slate, P.M. Visscher, S. MacGregor, D. Stevens, M.L. Tate, and J.M. Pemberton, A genome scan for quantitative
trait loci in a wild population of red deer (Cervus elaphus), Genetics 162 (2002), pp. 1863-1873.

[55] D.Beraldi, A.F. McRae, J. Gratten, J. Slate, P. Visscher, and J.M. Pemberton, Mapping QTL underlying fitness-related
traits in a free-living sheep population, Evolution 61 (2007), pp. 1402-1416.

[56] S.M. Rogers and L. Bernatchez, Integrating QTL mapping and genome scans towards the characterization of
candidate loci under parallel selection in the lake whitefish (Coregonus clupeaformis), Mol. Ecol. 14 (2005), pp. 351-
361.

[57] R. Nielsen, S. Williamson, Y. Kim, M.J. Hubisz, A.G. Clark, and C.D. Bustamante, Genomic scans for selective
sweeps using SNP data, Gen. Res. 15 (2005) pp. 1566-1575.

[58] J. Slate, J. Gratten, D. Beraldi, J. Stapley, M. Hale, and J.M. Pemberton, Gene mapping in the wild with SNPs:
guidelines and future directions, Genetica 136 (2009), pp. 97-107.

[59] D. Campbell and L. Bernatchez, Genomic scan using AFLP markers as a means to assess the role of directional
selection in the divergence of sympatric whitefish ecotypes, Mol. Biol. Evol. 21 (2004), pp. 945-956.

[60] A.Bouck and T. Vision, The molecular ecologist’s guide to expressed sequence tags, Mol. Ecol. 16 (2007), pp. 907—
924.

[61] K. Oetjen, S. Ferber, I. Dankert, and T.B.H. Reusch, New evidence for habitat-specific selection in the Wadden Sea
Zostera marina populations revealed by genome scanning using SNP and microsatellite markers, Mar. Biol. 157
(2010), pp. 81-89.

[62] N.A. Baird, P.D. Etter, T.S. Atwood, M.C. Currey, A.L. Shiver, Z.A. Lewis, E.U. Selker, W.A. Cresko, and E.A.
Johnson, Rapid SNP discovery and genetic mapping using sequenced RAD markers, PLoS One 3(10) (2008), e3376.

[63] P.A.Hohenlohe, S. Bassham, P.D. Etter, N. Stiffler, E.A. Johnson, and W.A. Cresko, Population genomics of parallel
adaptation in threespine stickleback using sequenced RAD tags, PL0oS Genetics, 6(2) (2010), e1000862.

[64] K. Oetjen and T.B.H. Reusch, Genome scans detect consistent divergent selection among subtidal vs. intertidal
popualtions of the marine angiosperm Zostera marina, Mol. Ecol. 16 (2007), pp. 5156-5167.

[65] C.S.Wilding, R.K. Butlin, and J. Grahame, Differential gene exchange between parapatric morphs of Littorina sax-
atilis detected using AFLP markers, J. Evol. Biol. 14 (2001), pp. 611-619.

[66] H.M.Wood, J.W. Grahame, S. Humphray, J. Rogers, and R.K. Butlin, Sequence differentiation in regions identified
by a genome scan for local adaptation, Mol. Ecol. 17 (2008), pp. 3123-3135.

[67] J. Galindo, P. Morén, and E. Rolan-Alvarez, Comparing geographical genetic differentiation between candidate
and noncandidate loci for adaptation strengthens support for parallel ecological divergence in the marine snail
Littorina saxatilis, Mol. Ecol. 18 (2009), pp. 919-930.

[68] M.C. Murray and M.P. Hare, A genomic scan for divergent selection in a secondary contact zone between Atlantic
and Gulf of Mexico oysters, Crossostrea virginica, Mol. Ecol. 15 (2006), pp. 4229-4242.

[69] H.S. Makinen, J.M. Cano, and J. Merila, ldentifying footprints of directional and balancing selection in marine and
freshwater three-spined stickleback (Gasterosteus aculeatus) populations, Mol. Ecol. 17 (2008), pp. 3565-3582.

[70] P.A. Gagnaire, V. Albert, B. Jonsson, and L. Bernatchez, Natural selection influences AFLP intraspecific genetic
variability and introgression patterns in Atlantic eels, Mol. Ecol. 18 (2009), 1678-1691.

[71] M. Coll, C. Piroddi, J. Steenbeek, K. Kaschner, F. Ben Rais Lasram, J. Aguzzi, E. Ballesteros, C.N. Bianchi,
J. Corbera, T. Dailianis, R. Danovaro, M. Estrada, C. Froglia, B.S. Galil, J.M. Gasol, R. Gertwagen, J. Gil,
F. Guilhaumon, K. Kesner-Reyes, M. S. Kitsos, A. Koukouras, N. Lampadariou, E. Laxamana, C. M. Lopez-Féde la
Cuadra, H.K. Lotze, D. Martin, D. Mouillot, D. Oro, S. Raicevich, J. Rius-Barile, J.l. Saiz-Salinas, C. San Vicente,
S. Somot, J. Templado, X. Turon, D. Vafidis, R. Villanueva, and E. Voultsiadou, The biodiversity of the Mediterranean
Sea: estimates, patterns, and threats, PLoS One 5(8) (2010), e11842.

[72] A. Clarke and K.J. Gaston, Climate, energy and diversity, Proc. R. Soc. B 273 (2006), pp. 2257-2266.

[73] W.W.L. Cheung, C. Close, V. Lam, R. Watson, and D. Pauly, Application of macroecological theory to predict effects
of climate change on global fisheries potential, Mar. Ecol. Prog. Ser. 365 (2008), pp. 187-197.

[74] F. Marrone, S. Lo Brutto, and M. Arculeo, Molecular evidence for the presence of cryptic evolutionary lineages
in the freshwater copepod genus Hemidiaptomus G.O. Sars, 1903 (Calanoida, Diaptomidae), Hydrobiologia 644
(2010), pp. 115-125.

[75] EEA, Impacts of Europe’s Changing Climate: An Indicator-Based Assessment, EEA Report No 2/2004, European
Environment Agency, Copenhagen/Office for Official Publications of the EC, Luxembourg, 2004.

[76] F. Maynou, Environmental causes of the fluctuations of red shrimp (Aristeus antennatus) landings in the Catalan
Sea, J. Mar. Syst. 71 (2008), pp. 294-302.

[77] M. Casini, J. Hjelm, J.C. Molinero, J. Lévgren, M. Cardinale, V. Bartolino, A. Belgrano, and G. Kornilovs, Trophic
cascades promote threshold-like shifts in pelagic marine ecosystems, Proc. Natl Acad. Sci. USA 106 (2009), pp. 197—
202.

[78] R. Danovaro, A. Dell’Anno, and A. Pusceddu, Biodiversity response to climate change in a warm deep sea, Ecol.
Lett. 7(9) (2004), pp. 821-828.



Downloaded by [Univ Politec Cat] at 06:57 31 December 2011

Chemistry and Ecology 119

[79] T. Maggio, S. Lo Brutto, R. Cannas, A.M. Deiana, and M. Arculeo, Environmental features of deep-sea habitats
linked to the genetic population structure of a crustacean species in the Mediterranean Sea, Mar. Ecol. Evol. Persp.
30 (2009), pp. 354-365.

[80] W.S. Grant and B.W. Bowen, Shallow population histories in deep evolutionary lineages of marine fishes: insights
from sardines and anchovies and lessons for conservation, J. Hered. 89(5) (1998), pp. 415-426.

[81] J.B. Company, P. Puig, F. Sarda, A. Palanques, M. Latasa, and R. Scharek, Climate influence on deep sea population,
PL0S ONE, 31 (2008), 1431.

[82] G.M. Branch and C.N. Steffani, Can we predict the effects of alien species? A case-history of the invasion of South
Africa by Mytilus galloprovincialis (Lamarck), J. Exp. Mar. Biol. Ecol. 300 (2004), pp. 189-215.

[83] J.A. Darling, M.J. Bagley, J. Roman, C.K. Tepolt, and J.B. Gelling, Genetic patterns across multiple introductions
of the globally invasive crab genus Carcinus, Mol. Ecol. 17 (2008), pp. 4992-5007.

[84] B.S. Galil, Loss or gain? Invasive aliens and biodiversity in the Mediterranean Sea, Mar. Pollut. Bull. 55 (2007),
pp. 314-322.

[85] A.Zenetou, M.E. Cinar, J.G. Harmelin, G. Furnari, F. Andaloro, N. Bellou, N. Streftaris, and H. Zibrowius, Annotated
list of marine alien species in the Mediterranean with records of the worst invasive species, Med. Mar. Sci. 6 (2005),
pp. 63-118.

[86] M. Baricheand G. Bernardi, Lack of a genetic bottleneck in a recent Lessepsian bioinvader, the blue-barred parrotfish,
Scarus ghobban, Mol. Phylogenet. Evol. 53 (2009), pp. 592-595.

[87] D.H. Reed, and R. Frankham, How closely correlated are molecular and quantitative measures of genetic variation?
A meta-analysis, Evol. 55 (2001), pp. 1095-1103.

[88] H.Ellegren, Sequencing goes 454 and takes large-scale genomics into the wild, Mol. Ecol. 17 (2008), pp. 1629-1635.

[89] M.E. Hudson, Sequencing breakthroughs for genomic ecology and evolutionary biology, Mol. Ecol. Res. 8 (2008),
pp. 3-17.





