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Microsatellite variation and reproductive interactions of Common and Egyptian

solesin Mediterranean sympatric demes

M Sc thesis of Serena Montanari

Advisors; Prof. Fausto Tinti, Dr Alessia Cariani

In the Mediterranean, the commddofea solepand Egyptian$. aegyptiachsoles are
two of the most valuable flatfish fishery resourcés the past,S. aegyptiacavas
erroneously synonymised witBolea soleabecause of the great similarity of the
external rough morphology (i.e. cryptic speciesgcé&tly, the fish biologists have
proven species distinctiveness mainly using mitodn@al DNA markers; however
mtDNA-based molecular test can not suitable foreckatg reproductive interactions
among them. The common and Egyptian soles seem-éaaur in several areas of the
Mediterranean forming sympatric demes. This widagatric distribution and the close
phylogenetic relationship between the two sole igseaevill allow a scenario for
potential ecological and evolutionary interactions.

The identification and assessment of ecologicalrapdoductive interactions of cryptic
species have important implications for sustainabBmagement and conservation of
fishery resources, because different species déeretitly respond to environmental
pressures and changes (Bickford et al., 2006); el ¥hese goals are important for
species already considered endangered or threab&Eoadise they might be composed
of multiple species that are even more rare thawmipusly supposed (Schonrogge et al.,
2002). In addition, the human activities (e.g. agliare and breeding programmes)
have increased the risks of ecological relatiorstbptween wild and domesticated
populations, as they might play significant roletive natural process of adaptation,
local extinction/recolonization events, hybridipati or disrupting natural selection
effects. The highlighting of such ecological andhef&c interactions between these two
sole species in the Mediterranean basin enablesritierstanding of processes such as
population divergence, speciation and hybridizatibvat can create evolutionary
novelty.

This thesis is a part of the EU FP7 Projethé Structure of Fish Populations and
Traceability of Fish and Fish ProductgFishPopTrace The thesis aims to advance in
the taxonomic, zoogeographic, ecological and eiarlaty knowledge on the
Mediterranean soles i) by developing a multipleXRR€st for the rapid screening of the

two cryptic species, ii) by analysing the speciemposition of several geographical



demes and iii) the possible occurrence of interfipebtybridization and/or allele
introgression in mixed populations, using singled® and multi-locus genetic
assignment tests based on nuclear codominant rsaakanternal transcribed spacer of
ribosomal DNA genes and microsatellite loci, respety.

Sole individuals (N = 179) were collected in 2008ing commercial vessels, from four
sampling sites in the Mediterranean: Viareggio,dats of Cagliari (South Sardinia),
Akdeniz and Antalya (Turkish coasts), and AlexaadEgypt). All the specimens were
genotyped at eight neutral microsatellite loci atdhe Internal Transcribed Spacer 1
locus of the ribosomal RNA genes. Among them, l2%ividuals were previously
assigned to putative sole species by cytochrom&diNi haplotype.

The analysis of species composition in the four utepon samples revealed that
Lagoons of Cagliari and Turkish coasts are mixechake where the two sole species
were sympatric. On the other hand, Viareggio samyas composed uniquely .
soleaand Alexandria was almost completely formedShyegyptiacgonly oneS. solea
individual, likely a migrant from the Turkish coastwas found in this sample). The
wider distribution ofS. aegyptiacan the Mediterranean and its frequent sympatr wit
S. soledead to argue that the two species have beendrglyumisidentified. Further
multidisciplinary data (i.e. combining data from rmpbology, reproductive biology and
life history with genetic data of the same indiafuobtained from new and more
samples are needed to unravel distribution andoggobf S. aegyptiacain the
Mediterranean and its ecological interactions i cryptic specieS. solea

All the analytical approaches and microsatellitéadats consistently revealed a clear
genetic separation of the two species. The muligdg; estimate and almost all single-
locus F; values were high and significant indicating a ctetgplacking of gene flow
among taxa. Individual multilocus genotypes wereuged by PCA and clustered by
the Bayesian clustering method in two well-distirgroups corresponding to the
putative species. These results ruled out defynitee occurrence of any past and
present hybridization events between these two smdeies at least in the geographical
demes | have analysed. These findings were consigli¢h previous outcomes from
Borsa et al. (2001) and She et al. (1987a) that hargued reproductive isolation
between Mediterranedh soleaandsS. aegyptiaca.

The panel of 8 microsatellite loci which can crassplify in the twoSoleaspecies can
be considered one of the most versatile and powseu of molecular markers for

resolving ecological and evolutionary questionsmatltiple taxonomic levels (from



species to populations and individuals) in thisugrof flatfish species. From one to few
microsatellite loci were suitable and powerful floe accurate and reliable identification
of sole species. Even though the multiplex PCR IaSday didn’t perform completely
in the identification of hybrids betwee soleaandS. aegyptiacar viceversa, it has
been proven as a rapid, costless and valuablefdodhe Soleaspecies identification,
being its results 100% consistent with the micrelitg-based species assignment.

All in all, using available and newly developed emilar markers (i.e. a panel of
microsatellite loci and the ITS1 locus, respectiyekhis thesis work has improved
species identification by developing rapid and dmsmating PCR-based tests and the
understanding of ecological and evolutionary relahips between these two species.
The technological and scientific advances can tasl dsr improving the sustainable

exploitation of these two fishery resources inNeliterranean.



1. INTRODUCTION

1.1. The Fish Pop Trace project

This thesis work is a part of the Small or Mediumef Research ProjecfThe
Structure of Fish Populations and Traceability ofisie and Fish Products
(FishPopTrack an EU FP7 aiming at the development of tracégtidols for an aware
management of four commercially important fish $peof the European seas: herring
(Clupea harengysand cod Gadus morhupin the FAO fishery area 27 - NE Atlantic,
and hake Merluccius merlucciysand common soleSplea solepin both FAO fishery
areas 27 and 37 — Mediterranean and Black Seak&aal; 2010).

Today, the economical activities such as fisherg aguaculture can't leave aside a
responsible management and legal exploitation @& fish stocks. The goal of
FishPopTrace is to increase the knowledge of theistof bio-economically important
fish species using an explorative research approach

Human-dominated marine ecosystems are experie@ciraccelerated loss of diversity
at both population and species levels, with largelgknown consequences (Worm et al.,
2006). The FAO estimates that today 80% of marirsh fstocks are fully or
overexploited worldwide, a dire situation which farther aggravated by the
continuously increasing demand of fish and fishdpais. Additionally the fishing
sector is penetrated by an extremely high levelledal fishing activities (Stockstad
2010). lllegal, unreported and unregulated (IlUWhiing not only threaten marine
ecosystems and habitats, obstruct sustainableriBshand has highly negative socio-
economic consequences, but also deeply impedestificiéisheries assessment. Thus
IUU fishing contributes to the overexploitation fegh stocks and is a hindrance to the
recovery of fish populations and ecosystems (Stagkbén and Martinsohn, 2009).

In fisheries management the concept of “stock” ikeg-concept: stock is arbitrary
group of fishes large enough to be essentiallyregfoducing, with all members, of the
same species, having similar life history charasties and living in the same area
(Hilborn and Walters, 1992; King, 1995). Thus, umstiending stock structure of
harvested species and how fishing effort and muytate affecting stock features it's
crucial (Grimes et al.,, 1987) and critical to desigppropriate fishery management
strategies when multiple stocks are differentiadyploited (Ricker, 1981). In fact,
fishing is the dominant factor reducing populati@amsl fragmenting habitats of marine

species and is predicted to leading to local ektincevents, especially among large,
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long-lived, slow-growing species and endemic speciMillenium Ecosystem
Assesment 2005). Habitat fragmentation (i.e. tlieicgon of natural cover into smaller
and more disconnected patches) compounds the effettabitat loss (Millenium
Ecosystem Assessment 2005). For this reason ftpsiarity importance to known the
present status of the fish stocks, in order to taos management plans that take into
account all biological, ecological and taxonomitaia of the target species.

1.2. Target species

1.2.1. Classification and morphology

The common sol&olea soledLinnaeus, 1758) aolea vulgarigQuensel, 1806), and
the Egyptian soléSolea aegyptiacdChabanaud, 1927) are flatfishes (genBelea

family: Soleidae, order:
Pleuronectiformes, class:
Actinopterygii). As all

flatfishes they’re asymmetrical,
with a flat-shape body, lying

on the bottom on the left side
Fig.1.1: Appearance of the Common sol8oléa solep
individual at the ocular right (above) and blindt Ié&elow)
sides fittp://www.fao.org/fishery/species/3367)en belonging to Soleidae family,

of the body, and, as all species

with both eyes on the right side. The eyed sideaasimetic pigmented livery from
greyish brown to reddish brown, whereas the blinde sis white, without any

pigmentation.

Solea soleandS. aegyptiacare cryptic species; the sympatry of both specie®me
Mediterranean areas was recently discovef®olea aegyptiacavas considered by
Quignard et al. (1984) to be a distinct speciesnfi®. soleabased on allozyme
polymorphisms. However, several studies based aetgeand morphometric data (i.e.
number of anal fin rays, dorsal fin rays and vedep have debated about this
distinction (Quignard et al. 1986; Fischer et &87; Goucha et al. 1987; Tinti and
Piccinetti 2000; Mehanna 2007). Borsa and Quign@@01), using mtDNA variation,
have demonstrated tha®. aegyptiacaand S.solea are distinct species, and
reproductively isolated from each other whereveaaytlwere found in simpatry. The
Egyptian sole is morphologically identical to themamon sole, and the only character
that enables a distinction between these two spessems to be the number of

2



vertebrae, 39-44 5. aegyptiacand 46-52 inS. solea(Fischeret al. 1987; Tinti and
Piccinetti 2000).

Solea solea is genetically differentiated from both the closeklated speciesS.
aegyptiacaand S. senegalensi@Borsa and Quignard, 2001; Vachon et al., 2008t t
conversely seem to reproductively interact. Usingmaltivariate analysis of the
electrophoretic polymorphism of Mediterrane@nsoleaS. aegyptiacaand Atlantic-
MediterraneanS. senegalensigopulations, She et al. (1987a) documented the
occurrence of hybrid individuals between the Egyptiand Senegalese soles, and
confirmed thatSolea solea is the most differentiated and reproductively asetl
ancestral taxon. The reproductive interactions betwS. aegyptiacaand S.
senegalensiand the occurrence of hybrids are confirmed ajsa more recent work of
Ouanes et al. (2011) that resumed and expandeudattkedone by She et al. (1987a).

1.2.2. Species distribution, biology and ecology

The two soles species seem to have different loigtans (Fig.1.2)S soleais recorded
in the continental shelves of the Eastern Atlaatid Mediterranean, with preferences
on sandy and muddy bottoms, from the shore dov@®@m (Rijnsdorp and Witthames
2005).S. aegyptiacaeems to be mainly present in the southern arntdragsart of the

Mediterranean, from the Tunisian to the Turkish Bggptian coasts (Fisher et al. 1981;

1000 km
1000 mi

Fig.1.2: Distributions ofolea soledred) andS. aegyptiac#blue);
(fromhttp://www.fao.org/fishery/species/3367)en

Mehanna 2007), the southern Adriatic coasts and Gé of Lions (Borsa and
Quignard 2001). Hence, it can be supposed thationlyese latter areas, the common
and Egyptian soles formed sympatric demes.



Both species are benthic and sedentary. Solesaane/orous predators that ground on
olfactory senses and have nocturnal habits. The diet mostly includes invertebrates
(polychaet worms, molluscs, small crustaceans) smdll fishes (Tortonese, 1975;
Fischer et al., 1987).

S. soleacan live up to 26 years, and the maturity is redchfter the third year

(www.fishbase.or)j the spawning season occurs generally in wirgkowing a peak

from December to March in the North Adriatic Seal{Mneri et al., 2001), but great

Sole 0 Solea solea

Spawning ground Sg::sr::g Maturity Weight* Maturity Length*
North Sea: Netherlands April-June 355g 33cm
North Sea: Skagerrak & Kattegat April-June 154 g 25cm
Irish Coast May-June 323 g 32cm
Bay of Biscay Dec.-May 423 g 35¢cm
Mediterranean Jan-April 173 g 26 cm

Fig.1.3: Variation of reproductive featuressolea soledfrom http://www.ifm-geomar.dge

variations depending on latitude, photoperiod amlperature (Fig.1.3) are documented
by Vinagre et al. (2008) and Vallisneri et al. (2P0

The ecology and life history traits & aegyptiacare less documented and this could
be related to the difficult to distinct it from theryptic speciesS. solea The only
available work dealing with age determinationSofaegyptiacavas conducted by Ali
(1995) along the Alexandria coast, who found th&imam lifespan as 3 years. Length
at first sexual maturity was estimated by Mehar#@7) as 14.2 cm for males and 15.1
cm for females. The spawning season extends froweiber to May with a peak in
January and February (Mehanna, 2007).

From this review, it is apparent that the lack afl@arcut and affordable identification
of sole individuals at the species level undermitines reaching of solid and suitable
knowledge of the biological and ecological featurafs these two sole species
economically important in the Mediterranean. In iadd, because they might be
sympatrically distributed in several areas of thediferranean, taxonomic uncertainties
might lead to record strongly biased fishery datiaictv can prevent correct stock
assessments and appropriate management strategies.
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1.2.3. Cryptic species

Two or more species can be defined “cryptic” whémyt share rough external
morphology, but are genetically clearly distingaikle (Bickford et al., 2006).

Some authors (Palumbi and Lessios, 2005) suggektdda cryptic species can be
morphologically identical to the parental one beeawf the recent evolutionary
divergence. Marine environmental factors might isgostabilizing selection of
phenotype acting on morphology, reducing or elimimgpmorphological changes that
can accompany speciation, thus bringing some spdoiemorphological stasis and
enabling the “origin” of cryptic or sibling speci€¢Bickford et al., 2006). A sibling
species is a cryptic sister species, that is mdogincally identical to the closest relative
species and hasn’'t been distinguished taxonomidediyn that one (Bickford et al.,
2006). The cryptic speciation should occur more mamly in those species that based
primary biological activities, such as predatiord aeproductive interactions, on non-
visual signals, because changes in these biolofgeflires do not necessarily need of
parallel morphological changes (Bickford et al. 00

As S. soleaand S. aegyptiacare distinct and philogenetically distant specas] as
their primary activity are based on non-visual signthe Bickford theory (2006) could
be the best explanation for these two species,cinatl hypothetically became cryptic
because of evolutive convergence.

Identification of cryptic species and cryptic smgeci complexes has important
implications for conservation of natural ecosystemd resources management, because
different species can differently respond to enwinental pressures and changes
(Bickford et al., 2006). In addition, species athg@onsidered endangered or threatened
might be composed of multiple species that are ewsme rare than previously
supposed (Schénrogge et al., 2002).

1.3. Molecular markers

Molecular markers can give information about dispkrgene flow, biogeography,
kinships and phylogenetic relationships of livingganisms (Avise 2004). A basic
advantage of molecular markers is that, dealindh wityptic species and unknown
species structures, they can make the distinctatwden analogous (i.e. characters that
independently evolved and converged) and homolog@its (i.e. characters that are

identical by descent).



Since ecology and evolution necessarily have tioraponents the power of resolution
of molecular markers used should match the timke sifanterest (Feral et al, 2002) and
the goal of the study.

Molecular markers located in the mitochondrial DNAtDNA) are haploid and only
maternally inherited, and because of the lack cbm&ination each haplotype has only
one ancestor in the previous generation. AlthougDNA are universal, easy to be
isolated and optimized, and highly informative fbe reconstruction of evolutionary
relationships at multiple taxonomic levels, they arot suitable for solving some
evolutionary patterns and processes. For examipéedétection of hybridization and
gene introgression events is necessarily linkethéouse of nuclear DNA codominant
markers, which are biparentally inherited and aaniify recent or past reproductive
admixture among species, races and populationsnd@worsi et al., 2001).

In this study, I've used two types of nuclear DNArnkers: a panel of microsatellite loci
and a single locus corresponding to the Internan3ecribed Spacer 1 of ribosomal
DNA genes (ITS1).

Microsatellite (or Short Tandem Repeats, STRsS) loagjht be good candidates for
identification purposes, due to their high varigpilcodominant diploid inheritance and
high discrimination power at the within-speciesdieand at small geographical scales
(Rico et al. 1996, Manel et al. 2005). In maringhéis microsatellite loci have high
mutation rates, display high levels of variatiord gsrovide high statistical power in
parentage testing and kinship reconstruction (Wiland Ferguson, 2002), population
identification (De Woody and Avise, 2000) and p@tian assignment (Hauser et al.,
2006). Microsatellite variation analysis usuallyqueaes the development of species-
specific markers, but sometimes loci from closedated species can be used with
cross-species amplification success (Maes et @;208user and Seeb, 2008).
Ribosomal DNA (rDNA) has both rapidly and slowlyodving regions, and it is
particularly useful for phylogenetic analysis (Matidand Honeycutt, 1990); the slowly
evolving coding regions are suitable for comparigtantly related species, while the
more rapidly evolving non coding external and in&rtranscribed spacers (ETS and
ITS, respectively) are suitable for resolving eviaoary relationships at low taxonomic
levels (Fernandez et al., 2001). Furthermore th&iecopy nature of rDNA makes this
marker highly sensitive to hybridization becausetted accumulation of evidence of

past hybridization events (Wyatt et al., 2006).



1.3.1. Microsatellites

Microsatellites are nuclear DNA regions formed hprs (1 to 6 bp) tandemly repeated
sequences (Fig. 1.4) widespread in both eukarywitt prokaryotic genomes. They are
highly abundant in the intronic regions of eukairy@enomes. Microsatellite loci are
co-dominant and are considered evolutionarily redUdNA markers. Because of their
high level of polymorphism, relatively small sizedarapid amplification protocols,
they're widely used for population genetic purpo$Bhargava and Fuentes, 2010).
Microsatellites can be useful in providing estinsaté neutral genetic variation among
populations, i.e. variation with no direct effect fithess and selection not acting upon
alleles (Holderegger et al., 2006). As they’'re noter selection, these markers have
mutation rates between #@nd 10° mutation/locus/generation; these mutation rates are
very high as compared with the rates of punctiformtations at coding gene loci
(Bhargava and Fuentes, 2010).
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Fig 1.4. Core region of a microsatellite locus esg@nted by several repeats of a dinucleotide (CT)

Selection can however act on nearby flanking regjiovhere the primers are designed,
affecting, in some cases, the cross-species aogildn. Indeed cross-species
amplification between more or less distant speisi@sconsequence of highly conserved

microsatellite flanking regions (Rico et al., 19@B8Connell and Wright, 1997).

1.3.2. Internal Transcribed Spacer 1

The internal transcribed spacer 1 (ITS1) is a nuirg region located between the
conservative 18S and 5.8S rRNA genes. The ribos@h&# genes are arranged in
multiple tandem repeated units, separated one et by non transcribed spacers
(NTS) (Fig 1.6).
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Fig.1.6.: The organization of ribosomal DNA gen

Designing primers on the nearby flanking 18S a@E5oding regions it's possible to
cross-amplify the ITS1 fragment in also highly drgt species, because 18 S and 5.8S
are very conserved regions as they're under setecthis feature makes the ITS1 an
universal powerful marker. The ITS1 region evolvapidly but the homogenizing
forces of concerted evolution and molecular driéenbeim, 1983; Dover, 1986) are
believed to minimize the degree of intraspecificiatgon, and make the ITS region
suitable for phylogenetic comparisons among closelgted taxa. The ITS1 has been
used for phylogenetic studies in a very wide variet organisms, and also in fish
systematics (Pleyte et al., 1992; Phillips et294; Domanico et al., 1997; Sajdak and
Phillips, 1997; Booton et al., 1999; Huyse et abp04; Chow et al. 2006). Though
successful in resolving conflicting trees deriveai nuclear and mitochondrial DNA
data in salmonids (Pleyte et al., 1992; Phillipsakt 1994; Domanico et al., 1997;
Sajdak and Phillips, 1997) or providing new insgyfdar complicated cichlid evolution
(Booton et al., 1999), little attention has beerdga the intraspecific variation of the

ITS region in these studies.



2. AIM

The environmental and maritime policies of Européhmon stretch to a responsible
management of the fishery resources to improveasaile exploitation of commercial
stocks and the conservation of biodiversity in bated ecosystems. The EU FP7
project FishPopTrace has the goal to develop tkliyatools suitable at both the
species and population levels to be applied inntbaitoring of four bio-economically
important fishery resources in the European Uniatlantic cod Gadus morhup
herring Clupea harengus European hakeMerluccius merluccidsand common sole
(Solea solep Preliminary findings have revealed that in thedilerranean two flatfish
species are exploited under the commercial nanceraimon soleSolea soledthe true
common sole) an8olea aegyptiacéhe Egyptian sole).

In the Mediterranean basin, the common and Egypsiales are two of the most
valuable flatfish fishery resources, and in thetp&@saegyptiacawas erroneously
synonymised withSolea soleaHowever, recently fish biologists have provencsge
distinctiveness, even though the two taxa are lyreanilar for rough morphology (i.e.
cryptic species). The common and Egyptian sole sdenco-occur in several areas of
the basin forming apparently sympatric demes. ynepsitric distribution and the close
phylogenetic relationship between the two sole iggeaevill allow a scenario for
potential ecological and evolutionary interactions.

Although morphological methods are very usefuligh taxonomy and fishery biology,
in the case of cryptic species or in species willrge plasticity of morphological and
meristic traits due to convergent selection of @itgme, they suffer of lack of power
(Fisher et al., 2000). Until recently, MitochondriaNA (mtDNA) loci have been
considered the most suitable and universal markegrsaxonomical questions (Avise
2004; Ratnasingham and Hebert, 2007). However, matint nuclear DNA (nDNA)
loci have several advantages over maternally itdgeeand haploid mtDNA, such as the
capacity to detect biparentally inherited polymaspis and recent/past species
admixture (Buonaccorsi et al. 2001, Ludwig et 802).

This thesis aims to advance in the taxonomic, zoggphic, ecological and
evolutionary knowledge on the Mediterranean soldsyideveloping a multiplex PCR
test for the rapid screening of the two cryptic cse®, ii) by analysing the species
composition of several geographical demes and thg possible occurrence of

interspecific hybridization and/or allele introgsem in mixed populations, using
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single-locus and multi-locus genetic assignmentstémsed on nuclear codominant
markers as internal transcribed spacer of ribos@h genes and microsatellite loci,
respectively.

Unravelling ecological and reproductive interactidmetweenSolea soleaand Solea
aegyptiacais downstream relevant for improving the resoucmnservation and
management and for advanced understanding of émaduy biology of marine fish.
Human activities increase the frequency of ecokgielationships between populations
of different species as well as between wild anthekticated individuals, and they
might play significant role in the natural processf adaptation, local
extinction/recolonization events, hybridization disrupting natural selection effects.
The highlighting of such ecological and genetierattions between sole species in the
Mediterranean basin enables the understanding o€epses such as population

divergence, speciation and hybridization that caate evolutionary novelty.
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3. MATERIALS AND METHODS

3.1. Sampling

Within the FishPopTrace sampling task, sole tissaraples (N = 179) were collected

from four sites (Fig. 3.1) in 2009, using commeruessels:

- Viareggio, North Thyrrenian Sea (FAO fishery subaaB7.1.3 — Sardinia; N = 51)

- Lagoons of Cagliari, South Sardinia (FAO fisherpsuwea 37.1.3 — Sardinia; N =
49)

- Akdeniz and Antalya, Turkish coast (FAO fishery sarba 37.3.2 — Levant; N = 21)

- Alexandria, Egypt (FAO fishery sub-area 37.3.2 vdrd; N = 58).

Viareggio

Lagoons of Cagliari

Fig 3.1: Sampling sites of common and Egyptian soles irMbditerranean. The samples from Antalya and
Akdeniz were merged in a unique sample.
These samples were previously analysed for hapotsequence variation of the
cytochrome b (cytb) mtDNA gene fragment (MSc reseawvork of Silvia Micheli,
2011). The cytb results revealed that populationgas from Lagoons of Cagliari and
Turkish coasts were composed by admixtureSofsoleaand S. aegyptiacawhile
Viareggio and Alexandria were pure populationsSaflea soleaand S. aegyptiaca,

respectively.
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3.2. Lab methods

3.2.1. DNA extraction

Individual tissues (white muscle or finclip) weréored in ethanol 96% at -20°C.
Genomic DNA was extracted from ~20 mg of tissuengishe CTAB-proteinase K
procedure (Winnepenninckx et al. 1993). A 2 pL4adigof the extracted DNA solution

was electrophoresed on a 0.8% agarose gel to toptabty and quantity.

3.2.2. Polymerase Chain Reaction (PCR)

Here I've used both uniplex and multiplex PCR teghbas; the basic difference
between these two methods is that, in the unipléR Bnly one pair of primers is used
whereas in the multiplex PCR from two to severahpr pairs are included in the same
reaction to amplify different DNA fragments. The R@Mullis et al., 1987) is an in-
vitro enzymatic replication of the DNA. Generallhe reaction is carried out in a
volume of 10-20QuL in a thermal cycler, an equipment that alternakedats and cools
the reaction mixture following pre-defined stepsdéterent temperatures and times
corresponding to a denaturation step at 90-96°€pthmer annealing at ~40-60°C, and
the extension/elongation phase at 72°C. These stepsepeated in a cycle for several
times. The temperature and the duration of steperde on a variety of parameters,
including the enzyme used for DNA synthesis, tHeiehcy of primer annealing and

the primers pair specificity.

3.2.3. Gel and capillary electrophoresis

Gel electrophoresis enables the separation of wueleids (DNA and RNA) and
proteins, based on size and charge, using an ieléeld applied to a gel matrix. The
separation of macromolecules is performed by th@gration in a gel of agarose.
Negatively charged molecules (as DNA and RNA) méwethe anode. The DNA
fragments were visualized on a UV source by adddeiRed" Nucleic Acid Stain

(Biotium) to the agarose gel (BL/100mL gel). An example of the result of an

electrophoresis experiment using agarose gel @teghin Figure 3.2.
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* DMA ladder

1000 bp
50 hp
500 hp

300 hp

100 bp

Fig. 3.2 Agarose gel showing fluorescent bands correspgnttin double-stranded DNA PCR
products of about 200 bp in size. In the right |aaeDNA ladder (GeneRul®, Express DNA
Ladder, Fermentas) was loaded to size approximéielyDNA fragments.

Capillary electrophoresis is a family of relatedheiques that use narrow-bore fused-
silica capillaries to perform high efficiency sep@ons of both large and small
molecules. These separations are facilitated byuiee of high voltages, which may
generate electroosmotic and electrophoretic flovioudfer solutions and ionic species,
respectively, within the capillary. The analytepamte as they migrate due to their
electrophoretic mobility, and are detected nearaimtet end of the capillary thanks to
their fluorescent activity. The output of the dédeds sent to a data output and handling
device such as an integrator or computer; the datahen displayed as an
electropherogram (fig.3.3). Separated chemical @am@s appear as peaks with
different retention times in the electropherogratime fragment migration time is
directly related to the number of bases the fragmes composed of

(http://en.wikipedia.org/wiki/Capillary _electrophesig. The capillary electrophoresis is

normally used to detect length polymorphism, as ldone in my study with the

microsatellites.
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Fig. 3.3: Electropherograms of a microsatelliteuln@amplified in sole individuals obtained with the
capillary electrophoresis technique.

Figure 3.3 illustrates the electropherogram of tmaividuals, both showing two-peak
pattern at the locus labelled with a blue color.isTipattern corresponds to a
heterozygous genotype and each peak corresponds #ilele. Beside the effective
allele (the higher blue peaks), PCR artefacts gbldication of microsatellites (stutter
bands corresponding to smaller blue peaks) oftae weoduced. The orange peak is a

DNA fragment of known size (internal size standard)

3.3. Molecular markers and PCR conditions

Two different types of markers have been usedntloeosatellites loci and the Internal
Transcribed Spacer 1 of the rRNA ribosomal gendsX). Primer pairs for ten
microsatellite loci were available from literatysee Table 3.1) whereas ITS1 species-

specific primers were newly designed for the migdPCR.

3.3.1. Microsatellite loci

Ten microsatellites loci were selected among tleoselable in the literature using the
following criteria:
- they should be designed fSpleaspecies;

- they cross-amplify with a good yield in both targpecies

14



After a preliminary optimization work, | have chosthe loci reported in Table 3.1:

LIS 1o Gl Reference 5’ > 3’ Primer sequence (F and R) T
name number species
Yyengar et al. 6 FAM-ACAAGCATGCACATATG Common
F8-ICA9 1 !
2000 TTATGATTCACTGTAGC Sole
F8-ITG15 5 Yyengar et al., VIC-ATCATACCAAGTGTGAGACC Common
2000 GCTGATTTACTGTACTTGGC Sole
F13 II 3 Yyengar et al., NED-GGCTGCAGAACGATCTTTAC Common
8/47 2000 GCAACCTTGAGCTGTGACC Sole
FS-IGAA 7 4 Yyengar et al., NED-AGGATCTGTGGTAAATCAGC Common
2000 ACATATGTGCATGCTTGTAC Sole
Porta and PET-GATCCGCTTGGGGTGAGG Senegalese
Solgal2 5
Alvarez, 2004 TGCCATACTTCACTTGTTCG sole
Porta and VIC-GATCCCGACACTCACAAACG Senegalese
SolA 7
Alvarez, 2004 | CACCCTCAGTGTAAATTGCC sole
P d PET- S |
SolCal3 8 Alv:rr:'; a;o 04 | AAGGCAGATGTCGATCACTGC e”gglae ese
’ TGAACAACGCCTAGAATTAGC
ERB4 10 Eveline Diopere | not ava!IabIe (6-FAM-) Common
(KULeuven) not available sole
S Garoi | NED- C
A C°S3 0 11 af‘;‘gozt al, | GTTAGGGTAAGGGGCTATGGAA OSTH;"”
(AC) CTACACAGCCTCATGTCTCTGG
S Garoi | vic- C
A C°S4 0 12 af‘;‘gozt al, | GAATGACAATACAGTAGAGACACG OSTH;"”
(AC) TTACCACTGAATGACTGACTGA

Tab. 3.1: Details of the ten microsatellite locedsn this work. Primer sequences of the locus ERBre provided
by Eveline Diopere (KULeuven) but they are not mpod because still unpublished. In the thesis, \amie referred
with the lab code number. All loci are fluorescgriébelled (Applied Biosystem).

The loci 5, 7 and 8 were species-specifically dewetl for the Senegalese s@e

senegalensjsbut they cross-amplified also in the closely tedaS. soleaand S.

aegyptiaca The PCR thermal cycle used for all the loci exdbp locus 1, for which a

touchdown PCR protocol was performed, is repomeligure 3.4. The PCR conditions

for the microsatellite loci are reported in Tablg.3

94°C

94°C

04:00

00:30

72°C 72°C
00:30 07:00
__Ta
00:30
x 35
cycles

Fig.3.4: Profile of the thermal conditions usecitoplify microsatellite loci 2-10.
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, Number of
LOCUS |Mg™ (mM T, (T [ s
g° (mM) (©) TS The PCR amplifications
51.5 were performed in 1QuL
(touchdown ) )
1 1,5 PCR) 10-35 reactions following
2 1,5 61 35 conditions reported in table
3 1,5 61 35 3.2.
4 2 59 35
For the genotyping, PCR
5 1,5 57 30 J yPing
. 15 59 30 products were denaturated
8 1.2 59 30 at 95°C for 5 min and then
10 1,2 54 30 separated in a ABI310
11 15 o7 35 Genetic Analyser. Allele
12 1,5 58 35

Tab.3.2: Mg® final concentration, annealing temperatureSIZIng was carried using the

number of cycles used for the amplification of therosatellite | |7 500 internal size
loci.

standard (Applied
Biosystem) with the GeneScan® Analysis Softwareplfgal Biosystem). After the
initial scoring, | have discarded the loci 2 antletause they didn’t show interpretable
genotypes. Therefore, the final dataset used fg#dnetic variation analyses consisted

of 179 individual multilocus genotypes at eight rogatellite loci.

3.3.2. ITS1

For this marker, I've developed a multiplex PCRataplify species-specific DNA size
markers in the two target sole species.

The entire Internal Transcribed Spacer 1 (ITS1ljore@f both target species was PCR
amplified and sequenced using the primers develdpe#ijewska et al. (2009) and

reported in Table 3.3.

Primer name 5'-->3' sequence
ITS1 F (forward) | GTAGGTGAACCTGCGGAAGGATCATT
ITS1 R (reverse) | ATCGACGCACGAGCCGAGTGA

Tab.3.3: ITS1 primer sequences

For both species, the final concentrations of ratgym the 1QUL PCR reactions were:
- 1 X reaction buffer (Invitrogen);
- 2 mM MgCk (Invitrogen);
- 0,5uM primer each (Sigma);
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- 0,2 mM dNTP each (Promega);

- 2% formamide;

- 0,5 Ul TagDNA polymerase (Invitrogen);
- 10% of template DNA (1:5 diluted solution).

The PCR conditions consisted of 30 cycles at 94iCLfmin, T, for 45 sec, 72°C for
45 sec. A denaturation hold at 94°C for 5 min aredomgation at 72°C for 5 min were
added before and after cycling. The annealing teatpes for theS. soleawas set to
50°C, whereas that for tl& aegyptiacat 52°C. The PCR products were separated by
electrophoresis on a 1.5% agarose gel.

Ten PCR ITS1 fragments (~820 bp) $f soleaand ten ofS. aegyptiacavere then
cycle-sequenced on both strands at Macrogen Inre& Sequences obtained were
edited and aligned by MEGA 4.0 (Tamura et al., 2G@ftware (Fig. 3.5).

The homology of the ITS1 sequences obtained waBrowd by blasting them in the
GenBank (BLAST, Tatusova and Madden, 1999 NCBI,
http://blast.ncbi.nlm.nih.gov/Blast.cyi

From the initial 20 individual sequences, I've @gted those which resulted largely

X ¥ (B an

FI755243
IAB375556

Fig.3.5: The ITS1 aligned sequence file in MEGA éGéquence window).

incomplete (<500 bp) and unreadable because ofptlesence of several Simple
Sequence Repeats. Finally, for each species | daverated a “consensus” sequence.
Six species-specific ITS1 primers were designedchgusine software PRIMER3

(http://frodo.wi.mit.edu/primer3/ setting weak amplification conditions. Then, gsin

the fastPCR 6.1 software (Kalendar et al., 20084 multiplex PCR primer pairs were
chosen for each species (Tab. 3.4) to amplify DM#gments of different size. The
reverse primers specific f@olea soleavere paired to the primer ITS1F , whereas the
forward primers specific foSolea aegyptiacavere paired to the primer ITS1R. All
possible PCR products as well as the productiopriafier-dimers were testad silico
using fastPCR 6.1 software.
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name Pairing Lenght Start Product Size
primer
Solea solea Ssrl ITS1F 20 194 194
SSr2 ITS1F 20 196 196
SSr3 ITS1F 20 193 193
Solea aegyptiaca SAf7 ITSIR 20 213 597
SAf8 ITSIR 20 212 598
SAf10 ITSIR 20 208 602

Tab.3.4: Multiplex ITS1 PCR primers selected far thrget specie

Two ITS1 primer combinations for each species waite tested by uniplex PCR
experiments: the SSr2 and SSr3 $orsolegpaired to the universal ITS1F primer), and
the SAf7 and SAf10 fo8. aegyptiacdpaired to the universal ITS1R primer). After the
in vitro tests, | selected the species-specific primer @oations SSr3-ITS1F and
SAf10-ITS1R because they gave higher yields oettected PCR products

After the uniplex PCR experiments, multiplex PCRiditions were optimized with the
QIAGEN® Multiplex PCR kit, which improves the amiptation yield thanks to the
HotStarTag DNA Polymerase and the Q-solution. Th8dution is a PCR additive
reagent that facilitates amplification of difficuémplates by modifying the melting
behaviour of template DNA, while the HotStarTag DNPolymerase prevents the
formation of non-specific PCR products. HotStarTAdA Polymerase is activated at
95°C for 15 min.

The multiplex PCR was performed in iD-reactions containing:

-  RNA-free water 2uL;

- PCR Qiagen MasterMix pL;

- Primer mix solution JuL (50 puL of Primer Mix solution consisted of L of
each species-specific primeruPR of each universal primer and 44 of TE
1X);

- Q-solution 1ul;

-  Template DNA (1:5 diluted solution)dL;

The following “universal multiplex cycling protocoproposed by the kit manufacturer
was used:

- initial HotStarTag DNA Polymerase activation st&ép:min at 95°C;

- denaturation: 30 s at 94°C;

- annealing: 90 s at 60°C;
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- extension: 90 s at 72°C (from step 2 to 4 for 38e&y);

- final extension: 10 min at 72°C.
Multiplexed PCR products were separated by elebtyogsis on a 2% agarose gel and
sized by loading 0.51L of an internal size standard (GeneRUeExpress DNA
Ladder).

3.4. Microsatellites Genetic data analysis

The complete dataset includes 179 specimens, habpng 4 population samples (see
paragraph 3.1) genotyped at the 8 microsatelliteis A subset of 125 individuals (5!
soleg 71 S. aegyptiacaevenly distributed among the four population skspwas
validated for species identification by the cytlplodype data (Micheli, 2011). For each
population sample, allele frequencies, number [&led, allelic range, expected (He)
and observed (Ho) heterozigosities per locus wexkeutated using the software
GENETIX v. 4.05 (Belkhir et al., 1999). For eaclesigs, mean and single-population
estimates of allelic richness per locus))(#vere obtained with the software FSTAT
2.9.3.2 (Goudet, 2001). The software GENETIX 4.@5wlso used to calculate single-
locus K value, to perform a factorial correspondence amlyAFC) of multilocus
genotypes and to create suitable input files ferdbwnstream test and software.

The program package GENALEX v. 6.41 (Peakall, Rip8se, P.E., 2006) was used to
calculate allele frequencies at each locus witlschespecies in order to detect private
alleles and to plot genetic distances among tapac{ess and populations) in the
Principal Coordinates Analysis (PCA).

Deviations of allele frequencies from the Hardy-Werg (HW) equilibrium were
tested, using the software GENEPOP v. 3.4 (RaynamadRousset, 1995), only in the
population samples of Viareggio fdbolea solea,and Lagoons of Cagliari and
Alexandria forSolea aegyptiacalhe sequential correction of Bonferroni for mukip
tests (Rice, 1989) was applied on the significaradgea (with 1= 0,05 andx2=0,01).
The software MICROCHECKER 2.2.3 (Van Oosterhouglet 2004) was used to test
for scoring errors, large allele dropout and nuléles in samples affected by HW
disequilibrium.

Genetic differentiation among samples within spearas estimated as multilocus
pairwise Fk; using the software ARLEQUIN v. 3.11 (Excoffieradt, 2005), significance

was tested on 10,000 permutations for settingitirefeance level at 0.01.
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The WHICHLOCI 1.0 software (Banks et al., 2003) wased to select the most
discriminating loci for the species identificatiohy simulating 3 populations with
N=100, 500, 1000 based on allele frequencies dataefch species. Using both
Whichrun assignment and the Allele Frequency Déifgial method, this approach
ranks loci, by trial assignments with one locusaaime, in terms of efficiency for
correct population assignment. Subsequent trialh wicreasing numbers of loci
determine the minimum number of specific loci nektteattain user defined power for
species assignment.

Genetic divergence among population samples ofvibesole species was investigated
both at the between-species level (whose dataseltsded samples and individuals of
both species) and at the within-species level (@hdataset included samples and
individuals of only one species), using the Bayesieodel-based clustering algorithm
implemented in the software STRUCTURE 2.3 (Pritdhetral, 2000). This clustering
method allows to infer the number of genetic clisste the data without making any a
priori assumptions on population structure or sgeddentity. The software assigns
individuals into a predefined number of clusterg (hich may represent putative
populations or species in order to achieve HW dguim and linkage equilibrium.
Log-likelihood values for different Ks are providexK, a measure of the second order
rate of change in the likelihood between successivalues, was calculated in order to
accurately detect the most pronounced genetic gisimh (Evanno et al., 2005). At the
between species level was used the Admixture méaejuencies independent while at
the within species level was used the Admixture ehodllele frequencies correlated;
Monte Carlo Markov Chain steps = >l@urnin period length = 20000 steps. The
analysis was performed for each 1 <K< 5 (five iiierss per K); no prior informations
about the origin of samples are given in this asialy

At the between-species level the Bayesian modedébabistering algorithm was used
to assess the genetic differentiation between W dpecies, while, at the within-
species level, it was used to assess the mosy likehber of groups (genetic groups)
within each species. STRUCTURE 2.3 software wasd a$&0 to specifically assign the
individuals whose putative species was not valilatethe cytb haplotype data (N=54).
In this test | have used the Admixture model, allfequencies independent (Monte
Carlo Markov Chain steps = 50000; Burnin periodgten= 20000 steps), but also
selecting the “USEPOPINFQO” prior that pre-specifies species-identity§( soleaor S.
aegyptiaca of the 125 individuals with cytb data. Therefaitggse 125 individuals were
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separated in two species-specific groups 1 andaddcst the ancestry estimation of the
54 individuals, with species ID not validated bylrgata, sorted in a third group.

The software GENECLASS 2.0 (Piry et al., 2004) wasd for multilocus individual
assignment test. This software computes varioustgeassignment criteria to assign or
exclude reference populations as the origin ofailibbr haploid individuals, as well as
of groups of individuals, on the basis of multilsagenotype data. In all analyses, | used
a Monte-Carlo re-sampling probability computatiotmRannala and Mountain (1997)
Bayesian algorithm, with one thousand of simularelividuals andu error set to 0.01.
The correct assignment threshold score was fixédd. The assignment of individuals
to the sole species (putatively identified accogdio the ITS1 and cytb results when
available) was carried out firstly using the entpanel of 8 microsatellite loci and
secondarily, using only the loci selected by thet tbased on the software
WHICHLOCI. The individuals of a given species wexklso assigned to the macro-
geographical area (i.e. Eastern and Western Mealitean), and then to the population

sample to test the power of the assignment withaties.
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4. RESULTS

4.1. Multiplex PCR ITS1 assay

The multiplexed PCR ITS1 products were resolved @% agarose gel: as expected by
primer and marker design, specimens of the twoispagave bands which differed in

length; these differences provided two speciesiBpd€S1 band profiles (Fig. 4.1).

a) DNA ladder b) S s
2 ! . Cagliari sample

Viareggio sample 5 _

1000 bp

. T50bp

-
500 bp - - - ol

300 bp

100 hp

AL 31 Alexandna sample AL _38

O e

=t

Turkish sample

Fig. 4. 1: Agarose -gel separation of the ITS1 P&Rplicons in specimens of the four
population samples. a) Viareggio, seven individgigdplaying &S. soleanultiplex PCR ITS1
profile; b) Lagoons of Cagliari, individuals disglag S. aegyptiacdfive individuals from
the left) andS. solea(the last two individuals) profiles; c¢) Alexandriall individuals except
two displaying theS. aegyptiacarofile. The individual AL21 gave &. soleaprofile while
the individual AL38 gave only th&. aegyptiacdand. In the last lane of all gels, the DNA
ladder GeneRuléf, Express DNA Ladder, Fermentas, was loaded.
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The S. soleaindividuals gave the expected 193-bp band (altispens of Fig. 4.1A)
while S. aegyptiacandividuals gave the expected species-specificdbain 602 bp.
However, unexpectedly putati®. aegyptiacandividuals also gave a 193-bp band;
therefore the species-specific PCR profile of thgecies was characterized by the
occurrence of the two species-specific bands abp@hd 193bp (see for example the
specimens 1-5 in Fig. 4.1B). The universal ITSI1gfnant didn’t amplified in any
individual. The failure of its amplification in theultiplex PCR is likely due to the
larger size of this fragment than those of the igsespecific fragments (820 bp vs. 193
bp in S. soleaand 602 bp inS. aegyptiach that could have disadvantaged its
amplification.

The multiplex amplification of both species-speacifiands in the individuals putatively
assigned td. aegyptiacay cytb haplotype prevented the potential disamatipn of
interspecificS. aegyptiaca< S. soleahybrids or gene-introgressed individuals among
themselves (assuming that &f. aegyptiacaindividuals can not be considered
interspecific hybrids or gene-introgressed; seeldsion). On the contrary, any of the
individuals putatively assigned t8. soleaby cytb haplotype showed the two-band
multiplex PCR ITS1 profile, ruling out the occuroenof bothS. soleax S. aegyptiaca
hybrids among them and individuals displaying anogression ofS. aegyptiacdTS1

genes irS. solea

Tab. 4.1: Summary results of the multiplex PCR [T&8%ay for species identification in the ITS1 and

other two markers of the four population samples.

SAMPLES SAMPLE | spEciES MARKER
SIZE ITS1 cytb STRs
VIAREGGIO 51 SS 51 36 51
SA 0 0 0
LAGOONS OF 20 Ss 3 5 5
CAGLIARI SA 5 " v
ALEXANDRIA 58 SS 1 1 1
SA 57 43 57
TURKISH COASTS 21 SS 11 11 11
SA 10 10 10
TOTAL 179 SS 71 54 71
SA 108 71 108

SS=S. solea SA=S. aegyptiacaThe cytb validation was available only for 12%liinduals, while
ITS1 and STRs information were available for theolghdataset.

From the multiplex PCR ITS1 assay in the 179 irtirgls some outcomes are relevant

to be outlined. The Table 4.1 reports the summesylts of the ITS1 genotypes of the
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four population samples compared with the other twwarkers (cytb and
microsatellites).

The multiplex PCR ITS1 assay gave evidence thalibheeggio population sample is
uniquely composed b§. soleawhile in the Lagoons of Cagliari and Turkish sdesp
the two species co-occurred. All individuals fronhexandria except two (AL21 and
AL38; Fig. 4.1c) exhibited &. aegyptiacdTS1 profile. The individual AL21, provided
a S. soleaprofile (confirmed also by the cytb haplotype ab¢al during this research
work and the microsatellite genotypes) while the38lindividual gave only the 602 bp
S. aegyptiacapecies-specific band. However, this latter irdlnal did not amplify also
at several microsatellite loci and therefore theklaf the S. aegyptiacgrofile was
likely due to unsuitable quality of the extracteshgmic DNA.
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4.2. Microsatellites

4.2.1. Genetic diversity

The mean estimates of the principal genetic ditserparameters at each of the

microsatellite loci in the two sole species areorggd in Table 4.2.

Tab. 4.2: Mean estimates of genetic diversity patans and of genetic differentiation indexes
between the two sole species at the eight micritisateci.

LOCUS 1 LOCUS 3 LOCUS 4 LOCUS 5
SS SA SS SA SS SA SS SA
N 71 107 69 102 71 104 66 103
Na 6 6 11 6 6 3 18 6

Allelic Range 87-103 79-89 163-191  165-183  126-14132-165 73-123 57-87

A, 5.991 5.953 10.845 6 5.883 2.981 17.816 5.99
He 0.6919 0.5818 0.5561 0.4917 0.3336 0.0886 0.8236 .7586
H, 0.7606 0.4299 0.5652 0.274% 0.338 0.0769 0.7424 3883.
# private alleles 4 4 7 2 4 1 16 4
Single-locus k 0.3239** 0.0035 0.8086** 0.2063**
LOCUS 8 LOCUS 10 LOCUS 11 LOCUS 12
SS SA SS SA SS SA SS SA
N 66 102 67 102 69 107 64 107
Na 11 3 14 6 18 11 12 2

12}

Allelic Range 167-203] 170-182 266-311 239-2Fy5 13B-17145-177| 172-194 164-16

A 10.877 3 13.948 6 17.699 10.90p 12 1.953
He 0.5786 0.139 0.8552 0.5708 0.8504 0.7186 0.7938 009G.
Ho 0.4848 0.1471 0.8657 0.4902 0.7536 0.4953 0.7031 .00968
# private alleles 9 1 11 3 8 1 12 2
Single-locus E 0.6353** 0.2860** 0.1931** 0.6646**
Multilocus Fy; 0.4082**

Species: SSS. soleaSA=S. aegyptiacaN: sample size;

Genetic diversity parametersgNallele number; A allelic richness; H expected heterozigosity;,H
observed heterozigosity

Genetic differentiation indexes: # private allelesimber of private alleles; Single-locug; Bnd
Multilocus R

Significance level: * p < 0.01; ** p < 0.001
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Allelic Richness in SS and SA
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Fig. 4.2: Comparison of the allelic richness (&)l abserved heterozigosity (b) mean values at each

locus between the two sole species (SoleaSA: S. aegyptiach

Almost all mean estimates of genetic diversity teslihigher inS. soleathan inS.
aegyptiacaat all loci, even though the dataset included $0&egyptiacandividuals
and 71S. soleandividuals (Tab. 4.2).

This pattern was clearly detectable in the compasgsof the allelic richness and
heterozygosity mean values (Fig. 4.2) Snsoleathe loci 3, 5, 10, 11 and 12 were the
most variable, whereas . aegyptiacdhe most polymorphic loci were 1, 3, 5, 10, and
11 (Table 4.2 and Fig. 4.2)

The two species displayed different distributiosallele frequencies at all loci (Fig.
4.3) except the locus 3, in which soleaandS. aegyptiacashared the most frequent
allele. On the contrary, the two species did natrslany allele at the locus 12 (Figure

4.3; tab 4.2). Private alleles of both sole spelsgse been found at all loci, though their
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number was quite variable across species and Tatl¢ 4.2). TheS. soleashowed a
greater number of private alleles tHanaegyptiacand at the loci 5, 10 and B solea

exhibited exceptional numbers of private alleled (.
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Fig.4.3: Comparison of the allele frequency disttibns at the eight microsatellite loci in the taale
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The estimates of the genetic diversity parametérgaah locus in the population
samples of the two sole species are reported iTdhées 4.3 and 4.3bis. The unigbe
soleaindividual found in the Alexandria sample was oohsidered in this analysis and
therefore omitted in Table 4.3.

Tab.4.3: Estimates of genetic diversity parameserd of genetic differentiation indexes in the paioh
samples ofs. soleaat the eight microsatellite loci

S. solea LOCUS1 | LOCUS3| LOCUS4| LOCUSp LOCUSB LOCUS[I0 Qs 11| LOCUS 12
Viareggio
N 51 49 51 48 48 50 50 46
Na 6 9 5 18 10 12 16 10
Allelic range 87-103 163-189 126-141 73-128 167-243 266-311 141-177 172-192
A 4.009 3.316 2.387 5.963 3.998 5.925 5.484 5.191
He 0.7131 0.4896 0.3135 0.8533 0.6294 0.86 0.8215  036.8
Ho 0.8039 0.4898 0.3333 0.8542 0.562 0.90 0.74 a.739
Lagoons of
Cagliari
N 8 8 8 6 7 5 8 6
Na 5 6 5 5 4 5 9 6
Allelic range 87-99 163-185 126-141 79-99 179-191  75-296 141-163 172-190
A 4.089 4.742 4.000 4.500 3.857 5.000 7.214 5.318
He 0.6667 0.7667 0.6083 0.7273 0.7149 0.755p 0.9333 .7576
Ho 0.75 1 0.5 0.6667 0.4286 0.6 0.75 0.666}
Turkish coasts
N 11 11 11 11 10 11 10 11
Na 4 6 2 5 3 7 7 5
Allelic range 89-99 167-191 132-138 79-12 176-191 269-287 139-165 174-194
A 3.504 3.675 1.714 3.078 2.000 5.555 5.303 3.85B
He 0.619 0.5083 0.1732 0.4069 0.1947 0.857] 0.8431 6628.
Ho 0.5455 0.5325 0.1818 0.3636 0.2 0.8182 0.7 0.543%5
Single-locus Fst 0.0049 0.1312% 0.0216 0.1542¢* 0412 0.0155 0.0161 0.0343
Multilocus Fst 0.0535**

N: sample size; N allele number; A allelic richness; H expected heterozygosity; ,Hobserved
heterozygosity.

Fs Significance level: * p < 0.01; ** p < 0.001

Deviation from Hardy-Weinberg equilibrium significee level: * p < 0.05; ** p < 0.01 reported in thg
field.
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Tab.4.3 bis: Estimates of genetic diversity paramsetand of genetic differentiation indexes in the
population samples &. aegyptiacat the eight microsatellite loci

S. aegyptiaca LOCUS1 | LOCUS3| LOCUS4 LOCUSBLOCUSS8 | LOCUS10] LOCUS1] LOCUS 12

Lagoons of Cagliari

N 41 37 41 38 38 38 40 41

Na 5 6 3 4 3 3 6 1
Allelic range 79-89 165-183 132-165 69-87 170-142 60-272 149-163 164

Ar 3.642 4.335 2.095 3.049 1.798 2.761 4.044 1.00p

He 0.6188 0.6927 0.2002 0.5044 0.1021 0.340f7 0.6747 0

Ho 0.5122 0.5946 0.1951 0.1842%* 0.1053 0.289 0.65 0
Alexandria

N 56 55 54 55 55 55 57 56

Na 3 3 1 4 3 6 11 2
Allelic range 85-89 173-177 135 57-87| 170-18p 238-2| 145-177 164-166

Ar 2.935 2.060 1.000 3.513 2.010 3.746] 6.513 1.16L

He 0.4921 0.2123 0 0.6901 0.1833 0.647] 0.75 0.0179

Ho 0.4286 0.0182** 0 0.5818 0.2 0.6545 0.47377* 0917

Turkish coasts

N 10 10 9 10 9 9 10 10

Na 2 2 1 2 1 2 1 1
Allelic range 83-89 175-177 135 69-87| 182 266-2142 571 164

A 2.000 2.000 1.000 1.900 1.000 2.000 1.00( 1.00p

He 0.2684 0.5211 0 0.1 0 0.4248 0 0

Ho 0.1 0.5 0 0.1 0 0.3333 0 0

Single-locus Fst 0.1678** 0.2373* 0.0893* 0.36891* 0.0205 0.1619** 0.1336** 0.0091

Multilocus Fst 0.2114**

N: sample size; N allele number; A allelic richness; H expected heterozygosity; ,Hobserved
heterozygosity.

Fs significance level: * p < 0.01; ** p < 0.001

Deviation from Hardy-Weinberg equilibrium signifivee level: * p < 0.05; ** p < 0.01 reported in thig
field.
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S. solea population samples
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Fig. 4.4: Allelic richness of population samplesSofsolegSS) ands. aegyptiacgSA).

Within S. solea(Table 4.3), genetic diversity parameters wereegaly high and
greatly similar across population samples. Howewatrsome loci some population
samples displayed reduced polymorphism level (Iggugiareggio and Turkish coasts;
locus 8, Turkish coasts). The allelic richnessnestes were quite homogeneous across
samples at a given locus (Fig. 4.4). $n aegyptiacathe lower level of genetic
polymorphism (already observed at the specie-leVahle 4.2) was apparent at the
population level. The three samples showed a gemmtiern of lack or marked
reduction of genetic diversity at several loci (Teal.3bis). The absence/reduction of
genetic polymorphism was more pronounced in the ptsnfrom the Eastern
Mediterranean (Alexandria and Turkish coasts). hesé samples, the genetic

polymorphism level did not seem related to the gample size because Alexandria (N
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> 50 at each locus) showed the lack of variatiah@tiocus 4 and a reduced variation at
the loci 3, 8 and 12 (Table 4.3bis; Fig. 4.4). Tewiations from the HW equilibrium,
were tested only in the population samples of \ggre for S. soleaand of Lagoons of
Cagliari and Alexandria (after excluding the AL31soleaspecimen) fos. aegyptiaca
because these were statistically representativelsaniN > 40). While the Viareggi®.
soleasample was at HW equilibrium at all the 8 locie tAlexandria sample showed

significant deviations at loci 3 and 11, and Lagooh CagliariS. aegyptiacasample

showed a significant deviation at locus 5 (Table3b&). Furthermore, the
MICROCHECKER test revealed that these loci mighafiected by null allele artefacts

as suggested by the general excess of homozygotesutter bands causing scoring
errors.

4.2.2. Genetic differentiation between sole species

Genetic differentiation between the two species wgk and significant, (multilocussf
= 0.4082, p < 0.001Table 4.2). Almost all microsatellite loci contriled relevantly to
the genetic differentiation of the two speciesnieall single-locus &values high and
significant except that at the locus 3 (Table 4T2je factorial correspondence analysis

of the individual multilocus genotypes grouped slecimens into two well-distinct
clusters corresponding to the tBoleaspecies (Fig.4.5).
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Fig.4.5: Factorial correspondence analysis of fH dole individuals based on 8 microsatellite |atie

first axe explains 100% of the variability, showitite complete genetic distinction between the two
species
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The AL21 specimen from Alexandria (red circled hetFig. 4.5) is unequivocally
grouped to theS. soleacluster. This result is fully consistent with thesults of the
multiplex PCR ITS1 test (see paragraph 4.1) ant thié cytb haplotype (see Table 4.1
and Appendix 1).

Genetic differentiation between sole species wa® analysed with the Bayesian
clustering approach implemented in STRUCTURE (saeagraph 3.4) using two
different datasets. The first analysis was caroetl on a dataset including only the
individuals with species ID confirmed by ITS1 anglhcdata (N=125, 5&. soleaand
71S. aegyptiaca The second STRUCTURE analysis was carried ougube whole
dataset (N = 179, 73. soleaand 108S. aegyptiacha The results of these analyses are
reported in Figures 4.6 and 4.7, respectively. Soiware represents the identified
clusters (K) through a bar plot, where in x-axishe@ar represents one individual and
the y-axis display the percentage value of memigersha defined cluster for each
individual. The output gives back also the log-lifkkeod values for the different Ks,
and AK, that indicates the most reliable K depending tba Likelihood between

successive K.

L(K) mean(+-SD) Deltak = m(|L"(K)|)/s[L(K)]
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Fig. 4.6: Results of STRUCTURE clustering for thupset of individualsa) K=2; b) log-Likelihood
values for different K and) AK.
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Fig. 4.7: Results of STRUCTURE clustering of theolehdataseta) K=2; b) log-Likelihood
values for different K and) AK

At the between-species level, both STRUCTURE amsly&ig. 4.6a and Fig. 4.7a)
revealed two well-distinct clusters of individuasrresponding t&. solea(cluster 1)
and toS. aegyptiacdcluster 2) individuals, without significant diflences between the
results obtained with the two datasets.

After that, | have carried out a STRUCTURE analysisthe whole dataset, giving the
prior information of species-assignment (selectimg USEPOPINFO prior Group 1 =
S. soleaGroup 2 =S. aegyptiacpato the 125 individuals with the species idenéfion
validated by the cytb haplotype data. The remaididgndividuals (for which the cytb
haplotype data were lacking) were assigned to arge@roup 3 (namely without a pre-
defined species assignment). Within this Group 48,irdividuals were assigned to
cluster 1 and 71 to the cluster 2, correspondingStosoleaand S. aegyptiaca
respectively. The results of this analysis areldiggd in Fig. 4.8.
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Fig. 4.8: Results of clustering analysis using B@PINFO prior information. Individuals of
sample 3 (each represented by a single bar inltitevpere assigned to one of the two pre-defined

species clusters.

The individual bar plot (a plot option given by STIRTURE software) of each
individual is consistent with the species ID basadhe multiplex PCR ITS1 test (data
not shown). It is important to note that, in allabyses, any individual did show
intermediate bar plot (namely interspecific hylgehotypes) once for all excluding the
occurrence of past and present interspecific hytaithn events, at least in these

population samples.

Finally, the multilocus individual assignment tgstrformed with GENECLASS v. 2.0,
also confirmed the results illustrated since nowe Bole individuals were correctly
assigned to the species putatively defined by th#ilocus cytb-ITS1 genotype (N =
125) or by the ITS1 genotype. The assignment tesbpned using only the locus 12
(selected for the highest discriminative power tigto WHICHLOCI software) gave a
~100% of correct species assignments (data notrghdwhis is due to the completely
different allelic ranges of the two sole speciethét locus (see Table 4.2 and Fig. 4.3).
Figure 4.9 illustrates the values of correct agsigmt obtained with GENECLASS 2.0,
considering individuals assigned to i) species (blts 1 and 2), ii) species and
Mediterranean basin (bar plots 3-6), and iii) spe@nd populations (bar plots 7-12).

All test provided percentages of correct assignnoget 85%; only thé&. soleasample
of Cagliari has a lower self assignment value,tbist could depend on the small size of

the sample (N=8).

37



% correctly assigned individuals

o
|

Q
P’ F §
%(O/ %(9/ %V/ %?“/

% of correct assignment

C & & & & L F R F v
\Z & $<</ Qy %6/ @@/ @%/ 6?‘/ @?‘/ @V‘/

mSS_ID
mSA ID
mSS_WEST
mSS_EAST
mSA WEST
W SA_EAST
oSS VG
mSS_CA
mSS_TU
mSA _CA
mSA AL
ESA_ TU

Fig. 4.9: Summary of the results of the assignnesitcarried out with GENECLASS.
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4.2.3. Genetic differentiation within sole species.

Genetic differentiation withirBoleaspecies was initially surveyed through a Principal

Components Analysis (PCA) whose results are ildustt in Figure 4.10.
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Fig.4.10: Principal Component AnalysesSofsolega) andS. aegyptiac#b) individuals

In S. soleathe PCA plot did not detect a clear spatial défgiation among population
samples (Fig. 4.10a): the first coordinate expl&8% of variation, whereas the second
and third coordinates explain 20% and 18% of vamatrespectively. SignificantsF
values were observed at only two loci and in thetifoaus estimate (Tab. 4.3),
indicating an overall low but significant level dafifferentiation amongS. solea
populations.

The AL21S. soleaspecimen from Alexandria (represented in the Eig0Da by a red
triangle) is grouped by PCA within the Turkish midiuals. This finding could suggest

that this individual could be a putative migraranfr Turkish coasts.
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In S. aegyptiacathe PCA plot (fig.4.10b) exhibited a greater poteespatially separate
the individuals of the Eastern Mediterranean fohwse of the Western Mediterranean.
In the plot, the first coordinate explained 29%vafiation, while the second and third
coordinates explained 19% and 15% of variation,peesvely. The genetic
differentiation amondS. aegyptiacgopulations was also confirmed by the high and
significant single-locus §5 (observed at six out of eight loci) and multilsdy: (Table
4.3bis).

After that, an assignment test of individuals tdative populations was performed
using the software STRUCTURE. The results of tmalgsis are reported in Figures
4.11 S. solepand 4.12 %. aegyptiach
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Fig. 4.11: result of STRUCTURE clustering at SS ydapons: 1= Viareggio; 2= Cagliari; 3=
Alexandria (Al 21); 4) Turkish coasts.
a) bar plot with K=2; b) log-Likelihood values fdifferent K; c)AK
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Fig. 4.12: Results of STRUCTURE clustering withiA opulations: 1= Cagliari; 2= Alexandria; 3=
Turkish coasts.
a) K=2; b) K=3; c) log-Likelihood values for diffent K and dAK

In S. soleahe clustering analysis did not separate indivslirapopulations (fig. 4.11),
confirming the PCA results (fig. 4.10a). The baotp{Fig. 4.11a) showed that each
cluster equally contributes to the genetic compmsitof individuals. A weak
differentiation of the Turkish coasts sample (graum the x-axis) was apparent. The
individual bar plot of uniqué&. soleandividual AL21 from Alexandria (group 3 in the
x-axis) did not differ form the others.

On the contrary, the clustering analyses Sf aegyptiacaindividuals resolved a
population structure but depending on the numbe{.dVith K=2, the individuals are
clearly separated in two clusters, correspondingth® individuals from Western
Mediterranean population sample of Lagoons of @aglihe group 1 of Fig. 4.12a) and
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those from the Eastern Mediterranean populationpgzsnof Alexandria and Turkish
coasts (the groups 2 and 3 of Fig. 4.12a). Theplmrobtained with K=3 (Fig. 4.12b)
separated theS. aegyptiaca individuals in three quite-well distinct clusters
corresponding to the three population samples: tagoof Cagliari (group 1),
Alexandria (group 2) and Turkish coasts (group 3).

The pairwise kvalues (Tab 4.4), estimated by ARLEQUIN 3.11, weignificant in
comparisons between samples from the Western astkriBaMediterranean in both
species. On the contrary, while Fst value betweesofea samples from the Western
Mediterranean was not significant, the Fst valusvben Alexandria and Turkish coasts
did. These results confirmed a more pronounced tgewkferentiation among the

samples oB. aegyptiacdhan among those &. soleassamples.

Tab. 4.3 Pairwise ffvalues between population sample§osolegSS) ands. aegyptiacdSA).

SS Viareggio| Lagoons of SA Lagoons of | Alexandria
Cagliari Cagliari
Viareggio Lagoons of
Cagliari
Lagoons of Alexandria
Cagliari 0.01597 0.10354*
Turkish Turkish coastd
coasts [ 0.05319*| 0.11873* 0.22500* 0.13860*

Significance level:*p<0.01
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5. DISCUSSION

This study provides important advances in the moégcecology and evolution of two
closely-related sole speci&s soleaand S. aegyptiacawhich i) are important fishery
resources in the Mediterraneidi,exhibit high level of rough external morphologye(i
cryptic species) andi) co-occur sympatrically in several areas of the Mfesand
Eastern Mediterranean.

Using available and newly developed molecular marKee. a panel of microsatellite
loci and the ITS1 locus, respectively), this thesirk has improved species
identification by developing rapid and discrimimafi PCR-based tests and the
understanding of ecological and evolutionary relahips between these two species.
The technological and scientific advances can le&l dsr improving the sustainable

exploitation of these two fishery resources inNeliterranean.

Species distribution and sympatric demes of Solea the Mediterranean

Several studies have documented the sympatricpressS. soleaandS. aegyptiaca
in some areas of the Mediterranean Sea, as the dbulfons (Borsa and Quignard,
2001), the Tunisian coast and the area of Suez riéhafEhe et al., 1987a; She et al,
1987b;www.fishbase.orly using cytochrome b sequence, allozyme and ERitkens.

By analysing cytb sequence variation in several iMe@nean population samples,
Micheli (2011) has recently confirmed the occureein a sympatric deme in the Gulf
of Lions but also discovered new sympatric demeshen Levantine basin (Turkish
coasts), Aegean Sea (Kavala Gulf), lonian Sea (Glulfaranto), North-Adriatic Sea
(Slovenian coasts) and Tyrrhenian Sea (Lagoonsagfi&i). The genetic survey | have
carried out based on nuclear markers confirmeddtoarrence of the Egyptian sole in
high frequency in the mixed demes of the Levanane Tyrrhenian Seas (Turkish
coasts and Lagoons of Cagliari, respectively). dditgon, my work has newly shown
that in Alexandria (the typical known area of oceuce of the Egyptian sole) al§o
soleamight rarely occur. The assignment of the indiald&L21 to the specieS. solea

is supported by all three markers (ITS1, microstgsl and cytb haplotype). The
multilocus microsatellite genotype of this indivadus closely related to those of the
common soles from Turkish coasts and thereforeart be argued that the soles
inhabiting the Mediterranean coasts of Turkey dapetse southward along the shelves
of Lebanon, Israel and Egypt. It is quite intemggtalso that some demes are not mixed

(e.g. Viareggio, North Tyrrhenian). Neverthelessah not be ruled out that this area is
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inhabited only byS. soleaas the documented occurrenceSofaegyptiacan relatively
close sites as the Orbetello Lagoons (Micheli 2Qlthe Lagoons of Cagliari and the
Gulf of Lions might suggest th& aegyptiacavas not sampled in the North Tyrrhenian
Sea but it can occur in this ecologically suitdimdbitat.

Further multidisciplinary data (i.e. combining ddt@m morphology, reproductive
biology and life history with genetic data of thense individual) obtained from new
and more samples are needed to unravel distribatidrecology o8. aegyptiacan the
Mediterranean and its ecological interactions witie cryptic speciesS. solea
However, some alternative hypothesis can be adettetssinterpret this scenario. The
first hypothesis is that the distribution and egglof S. aegyptiacasn’t yet completely
unravelled: since now this species could have besquently misidentified with the
cryptic S. soleaand their life history traits were not properlycdmented. Only in the
recent years the development and application ofecubdr tools enabled the
identification ofS. aegyptiacgShe et al., 1987a; She et al., 1987b; Borsa angn@rd,
2001; Vachon et al., 2008) and therefore any fuhiceecological study and fishery
abundance estimates on these species should regquingial molecular-based species
identification (see the paragraptarker efficiency in the identification of sole &x

The second fascinating hypothesis is that histbeoaironmental changes could have
played a significant role in modifying the Egyptiasole distribution in the
Mediterranean. The change of environmental contitiguch as the increasing of water
temperature in the Mediterranean (Bianchi and Mo#®03), along with other
anthropogenic factors, as trawl fishery and aquayl causing alteration of habitats,
translocation of organisms and species movemenynii@h and Simberloff 1996;
Johnson 2000; Simonst al 2001; Allendorfet al. 2001) might have driven an
expansion of the distribution area 8f aegyptiacavestward and northward in the
Mediterranean from a dispersal centre locatedenSbuth-eastern corner. In the marine
ecosystems, warmer temperatures are causing rapidwards expansion of species

adapted to temperate climate (Machado-Schiaffired.e2010).

Reproductive isolation of S. solea and S. aegypt&c

The wide sympatric occurrence of the two closelyatesl sole species in the
Mediterranean led to challenging evolutionary gwest whose resolution might have
relevant downstream consequences on the consematid sustainable fishery of the

two species.
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Secondary sympatry of species allows possible Spaaific reproductive interactions
and, whether pre-zygotic and post-zygotic reprasacbarriers were overwhelmed,
interspecific hybrid F progeny can be produced. In addition, whether thybrid
progeny is fertile and back-crosses with parentaéces, maternal or paternal
genes/genomes of the hybrids can be introgressdtieirgene pool of the parental
species. In the case that the gene/genome intsegtesould be heterospecific with
respect to that of the parental species, it capds#ly detected by using DNA nuclear
codominant markers. In marine bony fish and evefiaitfish, hybridization and gene
introgression events have occurred and they waecie thanks to the use of nuclear
codominant molecular markers paired to the analgife history traits. In flatfish,
beside the detection of hybrids betweknsenegalens&ndS. aegyptiacalocumented
by She et al. (1987b) and Ouanes et al. (2021hybrids were also found in plaices
with parental reciprocal crosses (Kiewska et al@00n tunas, past hybridization
events with the production of fertile; fprogenies occurred between the albacore
Thunnus alalungand the Atlantic bluefin tun@. thynnussupported by the finding of
the introgression of the albacore mtDNA in the Bluendividuals and populations
(Alvarado Bremer et al. 2005; Boustany et al 208&rara et al, in preparation). Other
catchy cases of successful interspecific reprodeadtiteractions in marine fish were
documented, for example, in the European sturgéardvig et al. 2003) and the North
American hakes (Machado-Schiaffino et al. 2010).

The results here obtained using all the analytaygbroaches on the microsatellite
datasets consistently revealed a clear geneticregepa of the two species. The
multilocus F; estimate and the almost all single-locug Values were high and
significant indicating a complete lacking of genlew among taxa. Individual
multilocus genotypes were grouped by PCA and dledtby the Bayesian model based
method in two well-distinct groups correspondingtte putative species. Again, the 54
sole individuals whose putative species was noidatdd by cytb haplotypes were
assigned to the two species accordingly to the iphek PCR ITS1 species
identification. The multilocus assignment tesisagls addressed all the 179 specimens
to the two putative species with very high percgesaof correct assignment.

No intermediate multilocus genotypes, (i.e. admixghotypes with equal genetic
contribution from botlS. soleaandS. aegyptiacalusters) that could identify putative
F1 hybrids, were found in any of the four demes. Th®ult, coupled to the consistency

between species identification obtained with nucleadominant markers and that
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obtained with cytb haplotypes by Micheli (2011)ledi out definitely past and actual
hybridization events, reinforcing the issue of oejuctive isolation between the
Mediterranean populations & soleaandS. aegyptiacanferred by Borsa e Quignard
(2001) and She et al. (198A few factors can be invoked to support such irgar
evolutionary issue. Although the two species aosally related and share high levels of
morphological similarity (i.e. cryptic species)etigreat genetic divergence at the loci
investigated suggested a high divergence of theiespspecific genomes. Post-zygotic
barriers caused by genome impairing in the zygotbrgonic developmental might
allowed to not-viable (and therefore non-detecfabfe hybrid progeny stages
(Machado-Schiaffino et al., 2010). The finding efatively high rates of hybridization
betweenS. aegyptiacandS. senegalensiShe et al., 1987a; Borsa e Quignard 2001,
Ouanes et al., 2011 ), which are less geneticallgrdent (they are sister species) might
speak in favour of an important role of genomicedgence in the production of F
viable progeny. However, the onset of pre-zygoticriers which prevent the cross-
specific mating might be possible. Pre-zygotic ieasrcan be driven by ecological and
behavioural forces and factors, such as differpatveing areas and seasons, different
mating-recognition systems and signals (Bickfordlgt2006). The need to increase the
knowledge on life history traits &. aegyptiacand to improve those of the congeneric
cryptic S. soleathroughout more extensive and deeper analysegais @ priority for
better understanding the nature, the role and ffi@eacy of the reproductive barriers
in maintaining genetically isolated the two sole@ps.

As a corollary, the results of the multiplex PCRSITassay might also be of interest for
understanding the molecular evolution of the rDNAultisopy genes in theéolea
species. The co-amplification ofSa soleaspecific 193-bp band together with the 602-
bp band specific ofS. aegyptiacain the multiplexed PCR ITS1 profile of af.
aegyptiaca individuals (whose species identification was daled by both
microsatellite and cytb markers) suggests that sBnmsolea-like rDNA gene clusters
might be present in the nuclear genomes of the mecently-derived specieS.
aegyptiaca Although theS. soleaspecies-specific primer pair ITS1F-SSr3 didn't give
any cross-amplification ir5. aegyptiacan the in silico PCR tests, it can not be
excluded that an incomplete sequence homogenizétibarlesworth et al. 1994) of
rDNA multigene family has been occurred3naegyptiaca

A case study on the functional human centromeresu@er et al., 2001) documented

the presence in the pericentromeric area (whichicls of repetitive highly-repetitive
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DNA satellite sequences) of an ancestral primaeeifp sequence ai-satellite DNA
family. In this case, more ancient sequences o fmily derived from the primate
ancestor coexist with de-novo sequences attenddytiro the derived species and not
found in the ancestor. In soles, a parallel evohary scenario could have occurred for
the rDNA multigene family ofSolea beingS. aegyptiacahe derived taxon that still
possesses rDNA sequences of the ancestor t8x@olea At any rate, additional lab
tests such as cloning and sequencing of the aeglHiCR fragments in both species are
required to confirm this hypothesis addition, the same lab work should be carried ou

on the other closely related congeneric speci€s asnegalensis

Marker efficiency in the identification of sole taxa

The development and use of high-efficiency markease considerable downstream
relevance for improving sustainable fishery. Foaraple, the use of genetic markers
highly performing at the between-population levagim allows the identification of
distinct fishery/biological units (stock units) imgving the quality and reliability of
stock assessments. Again, the availability of rapas$tiess and efficient markers at the
species level offers the possibility to identifadids and illegal practices in the seafood
trade.

Here, | have extensively used nuclear DNA codontinaarkers with the aim to
genetically identify sole taxa (i.e. species, pagiohs and individuals). The panel of 8
microsatellite loci which can cross-amplify in mplé Soleaspecies can be considered
one of the most versatile and powerful set of madkacmarkers for resolving ecological
and evolutionary questions at multiple taxonomiels in this group of fish species
(Rico et al. 1996, Maes et al. 2006).

In Solea the panel of microsatellite markers | have usegowerful at the species level
because they discriminate sole species with higlel l®f confidence. The high
percentages of correctly assigned individuals (othe¥ 85%) obtained with the
GENECLASS multilocus test at the species level lggited the robustness of these
markers in the taxon traceability. Moreover, thensaesults in terms of differentiation
and efficiency can be obtained using few marker Mbich can be considered
straightforward molecular tools for resolving fisjreelated questions of Mediterranean
soles (i.e. the identification of cryptic specieBle same panel of microsatellite loci is
suitable to assign individuals to Mediterraneanggaphical populations in both species
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and to achieve the structure of populations, et@more robustly inS. aegyptiacdhan

in S. solea

Even though the multiplex PCR ITS1 assay didn'tfgren completely in the
identification of hybrids betwee8. soleaand S. aegyptiacar viceversa, it has been
proven as a rapid, costless and valuable toolhfeSbleaspecies identification, being
its results 100% consistent with the microsatelidésed species assignment. The
multiplexed PCR test enables the species idertificaof unknown specimens in one
PCR step, reducing the time and the cost needgueféorming molecular identification
with cytb sequencing and the genotyping of micrelite loci on a fluorescent-based
analytical system.
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APPENDIX 1: comparison between the results of the three

the 179 individuals.

mialecoiarkers in

VIAREGGIO MARKER
specimen namg MtDNA ITS1 STR
VG 1 solea solea
VG 2 solea solea solea
VG 3 solea solea solea
VG 4 solea solea solea
VG5 solea solea solea
VG 6 solea solea
VG 7 solea solea solea
VG 8 solea solea
VG 9 solea solea
VG 10 solea solea
VG 11 solea solea
VG 12 solea solea solea
VG 13 solea solea solea
VG 14 solea solea solea
VG 15 solea solea solea
VG 16 solea solea solea
VG 17 solea solea solea
VG 18 solea solea solea
VG 19 solea solea solea
VG 20 solea solea solea
VG 21 solea solea solea
VG 22 solea solea solea
VG 23 solea solea solea
VG 24 solea solea solea
VG 25 solea solea
VG 26 solea solea solea
VG 27 solea solea solea
VG 28 solea solea solea
VG 29 solea solea solea
VG 30 solea solea solea
VG 31 solea solea solea
VG 32 solea solea
VG 33 solea solea solea
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VG 34 solea solea solea

VG 35 solea solea solea

VG 36 solea solea solea

VG 37 solea solea

VG 38 solea solea

VG 39 solea solea solea

VG 40 solea solea solea

VG 41 solea solea solea

VG 42 solea solea solea

VG 43 solea solea

VG 44 solea solea solea

VG 45 solea solea

VG 46 solea solea solea

VG 47 solea solea solea

VG 48 solea solea

VG 49 solea solea

VG 50 solea solea

VG 51 solea solea solea

LAGOONS OF
CAGLIARI MARKER
specimen name mtDNA ITS1 STR

CAl aegyptiaca aegyptiaca
CA?2 aegyptiaca aegyptiaca aegyptiacg
CA3 aegyptiaca aegyptiaca
CA4 aegyptiaca aegyptiaca aegyptiacg
CAS5 aegyptiaca aegyptiaca aegyptiacg
CA®6 aegyptiaca aegyptiaca aegyptiacg
CA7T aegyptiaca aegyptiaca aegyptiacg
CAS8 aegyptiaca aegyptiaca aegyptiacg
CA9 aegyptiaca aegyptiaca aegyptiacg
CA 10 aegyptiaca aegyptiaca
CA11 aegyptiaca aegyptiaca
CA 12 aegyptiaca aegyptiaca aegyptiacd
CA 13 aegyptiaca aegyptiaca
CA 14 aegyptiaca aegyptiaca
CA 15 aegyptiaca aegyptiaca
CA 16 aegyptiaca aegyptiaca
CA 17 aegyptiaca aegyptiaca




CA 18 aegyptiaca aegyptiaca
CA 19 solea solea solea
CA 20 aegyptiaca aegyptiaca
CA21 aegyptiaca aegyptiaca
CA 22 aegyptiaca aegyptiaca
CA 23 aegyptiaca aegyptiaca aegyptiacd
CA 24 aegyptiaca aegyptiaca
CA 25 aegyptiaca aegyptiaca aegyptiacd
CA 26 aegyptiaca aegyptiaca aegyptiacd
CA 27 aegyptiaca aegyptiaca
CA 28 aegyptiaca aegyptiaca
CA 29 solea solea solea
CA 30 aegyptiaca aegyptiaca
CA31 solea solea solea
CA 32 solea solea solea
CA 33 aegyptiaca aegyptiaca aegyptiacd
CA 34 aegyptiaca aegyptiaca
CA 35 aegyptiaca aegyptiaca aegyptiacd
CA 36 aegyptiaca aegyptiaca
CA 37 aegyptiaca aegyptiaca
CA 38 aegyptiaca aegyptiaca aegyptiacd
CA 39 solea solea
CA 40 solea solea
CA41 aegyptiaca aegyptiaca
CA 42 aegyptiaca aegyptiaca aegyptiacd
CA 43 solea solea solea
CA 44 aegyptiaca aegyptiaca aegyptiacd
CA 45 aegyptiaca aegyptiaca
CA 46 aegyptiaca aegyptiaca aegyptiacd
CA 47 solea solea solea
CA 48 aegyptiaca aegyptiaca aegyptiacd
CA 49 aegyptiaca aegyptiaca

ALEXANDRIA MARKER

specimen namg MtDNA ITS1 STR
AL1 aegyptiaca aegyptiaca aegyptiaca
AL 2 aegyptiaca aegyptiaca aegyptiaca
AL 3 aegyptiaca aegyptiaca aegyptiaca
AL 4 aegyptiaca aegyptiaca aegyptiaca
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AL S5 aegyptiaca aegyptiaca aegyptiaca
AL 6 aegyptiaca aegyptiaca aegyptiaca
AL 7 aegyptiaca aegyptiaca aegyptiaca
AL 8 aegyptiaca aegyptiaca aegyptiaca
AL 9 aegyptiaca aegyptiaca
AL 10 aegyptiaca aegyptiaca aegyptiaca
AL 11 aegyptiaca aegyptiaca aegyptiaca
AL 12 aegyptiaca aegyptiaca aegyptiaca
AL 13 aegyptiaca aegyptiaca aegyptiaca
AL 14 aegyptiaca aegyptiaca aegyptiaca
AL 15 aegyptiaca aegyptiaca aegyptiaca
AL 16 aegyptiaca aegyptiaca aegyptiaca
AL 17 aegyptiaca aegyptiaca aegyptiaca
AL 18 aegyptiaca aegyptiaca aegyptiaca
AL 19 aegyptiaca aegyptiaca aegyptiaca
AL 20 aegyptiaca aegyptiaca aegyptiaca
AL 21 solea solea solea

AL 22 aegyptiaca aegyptiaca aegyptiaca
AL 23 aegyptiaca aegyptiaca aegyptiaca
AL 24 aegyptiaca aegyptiaca aegyptiaca
AL 25 aegyptiaca aegyptiaca
AL 26 aegyptiaca aegyptiaca aegyptiaca
AL 27 aegyptiaca aegyptiaca aegyptiaca
AL 28 aegyptiaca aegyptiaca aegyptiaca
AL 29 aegyptiaca aegyptiaca aegyptiaca
AL 30 aegyptiaca aegyptiaca aegyptiaca
AL 31 aegyptiaca aegyptiaca aegyptiaca
AL 32 aegyptiaca aegyptiaca aegyptiaca
AL 33 aegyptiaca aegyptiaca aegyptiaca
AL 34 aegyptiaca aegyptiaca aegyptiaca
AL 35 aegyptiaca aegyptiaca aegyptiaca
AL 36 aegyptiaca aegyptiaca aegyptiaca
AL 37 aegyptiaca aegyptiaca aegyptiaca
AL 38 aegyptiaca solea

AL 39 aegyptiaca aegyptiaca aegyptiaca
AL 40 aegyptiaca aegyptiaca
AL 41 aegyptiaca aegyptiaca aegyptiaca
AL 42 aegyptiaca aegyptiaca
AL 43 aegyptiaca aegyptiaca




AL 44 aegyptiaca aegyptiaca
AL 45 aegyptiaca aegyptiaca
AL 46 aegyptiaca aegyptiaca aegyptiaca
AL 47 aegyptiaca aegyptiaca
AL 48 aegyptiaca aegyptiaca
AL 49 aegyptiaca aegyptiaca
AL 50 aegyptiaca aegyptiaca
AL 51 aegyptiaca aegyptiaca aegyptiaca
AL 52 aegyptiaca aegyptiaca aegyptiaca
AL 53 aegyptiaca aegyptiaca aegyptiaca
AL 54 aegyptiaca aegyptiaca aegyptiaca
AL 55 aegyptiaca aegyptiaca aegyptiaca
AL 56 aegyptiaca aegyptiaca aegyptiaca
AL 57 aegyptiaca aegyptiaca
AL 58 aegyptiaca aegyptiaca
TURKISH
COASTS MARKER

specimen name mtDNA ITS1 STR
AK 1 solea solea solea
AK 2 aegyptiaca aegyptiaca aegyptiaca
AK 3 solea solea solea
AK 4 solea solea solea
AK 5 solea solea solea
AK 6 solea solea solea
AK 7 solea solea solea
AK 8 solea solea solea
AK 9 solea solea solea
AK 10 solea solea solea
AK 11 solea solea solea
AN 1 aegyptiaca aegyptiaca aegyptiaca
AN 2 aegyptiaca aegyptiaca aegyptiaca
AN 3 aegyptiaca aegyptiaca aegyptiaca
AN 4 aegyptiaca aegyptiaca aegyptiaca
AN 5 solea solea solea
AN 6 aegyptiaca aegyptiaca aegyptiacy
AN 7 aegyptiaca aegyptiaca aegyptiaca
AN 8 aegyptiaca aegyptiaca aegyptiaca
AN 9 aegyptiaca aegyptiaca aegyptiaca
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AN 10

aegyptiaca

aegyptiaca

aegyptiacs
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