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ABSTRACT

Species of the geniarbus being primary freshwater fishes intolerant ot sedter, are of
great value for biogeographic studies since th&peatsal strictly depends on geological
evolution of the landmasses (i.e. catchments wagefsmountain chains and fluctuations of
sea level). In Italian peninsula four specie arenally recognizedB. caninusB. balcanicus

B. plebejus and B. tyberinus Their genetic relationships were assessed usioth b
mitochondrial and nuclear markers. The study wasethout as first developing new nuclear
primers for the S7 ribosomal protein and the Grolmghmone genes (Gh); then performing a
SNPs characterization of these loci on 18 populati®64 specimens in total). Results from
nuclear sequences were then compared with thosedestial sequences of the Cytochrolme
mitochondrial gene (733 bp). Recovered phylogem&se congruent with the current
morphology-based systematic and taxonomy. Resugiklighted the close relationships
between species belonging to the fluvio-lacust@@®logical group:B. plebejusand B.
tyberinusand the high genetic distance between speciesidgialp to the riverine grouB.
caninusand B. balcanicus Moreover findings were congruent with hypotheséartial
permeability of principal biogeographic barriersidihe and the Apennine chains) to
freshwater fish fauna.

Successively the influence of different ecologipedferences on gene flow was testedBor
caninusand B. tyberinuson 6 and 7 populations respectively. Results pdirgut that the
riverine B. caninushas higher structured populations tlantyberinus probably due to the
different dispersion ability and the different Habicolonized. Moreover, for the first time,
molecular evidences were shown about hybridizagéieents occurring betwedd. caninus

andB. plebejusB. tyberinusandB. barbus
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CHAPTER 1_ Introduction

1. Background

The concept of biodiversity was coined by W. G. &os 1985 during the “National Forum
on Biodiversity”, summarizing the terms “biologyha “diversity”, to indicate the variety of
life. At nowadays an high number of definitions ®gj but following the “Convention on
Biological Diversity”, biodiversity is defined asthe variability among living organisms
from all sources includingnter alia, terrestrial, marine and other aquatic ecosysiamisthe
ecological complexes of which they are part; thisludes diversity within species, between
species and of ecosystems”. This definition dessribiodiversity at three levels: genetic
diversity, representing the differences among iltials belonging to the same species; (ii)
species diversity, referred to the numbers in &iqaar area; (iii) ecosystems diversity,
representing the variety of ecosystems presenbiosphere (Feest al, 2010).

Biological diversity is of fundamental importancer fthe functioning of all natural
ecosystems, and by extension for the ecosystentssithat nature provides free of charge to
human society. Living organisms play central rafeshe cycles of major elements (carbon,
nitrogen, and so on) and water; diversity is impottbecause these cycles require numerous
interacting species. General interest in biodivgreas grown rapidly in recent decades, in
parallel with the growing concern about nature eovetion as a consequence of accelerating
rates of natural habitat loss, habitat fragmemntatiod degradation, and resulting extinctions
of species (Frankhaset al, 2002).

The geographic distribution of biodiversity is nlebmogeneous and depends on several
factors as climate, altitude, soil composition, ghesence of other species. Diversity
consistently measures higher in the Equatoriabregand generally tends to decrease moving
towards polar regions. Biogeography investigates ghographical distributions @dxa or
populations on global and regional scales, angtheesses that led to actual patterns in the
light of evolutionary theory.

Recent advances in genetic field and the developmiea growing number of molecular
markers, with their easy widespread applicatioressyehprovided new approaches to the
analysis of biogeographic patterns and underlyvgutionary processes, leading to the rise
of a new discipline called phylogeography.

As Avise et al. (1987) conceived it, phylogeography is the phylwg& analysis of
geographically contextualized genetic data for ingsthypotheses regarding the causal
relationship among geographic phenomena, spegasodtions, and the mechanisms driving
speciation (Hickersoat al, 2010).
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The formal definition of phylogeography is the esfda gestation begun in the middle ‘70s,
with the early applications of restriction sitespsador animal mitochondrial DNA (Brown
and Vinograd, 1974; Brown and Wright, 1975; Uphariid Dawid, 1977), the definition of
theories on gene genealogies (Watterson, 1975)hendevelopment of statistical analysis to
elaborate the new kind of data (Upholt, 1977).Hae last decades an exponential growth of
phylogeographic studies arose, in which new apfiiing, new theories and new statistical
analysis were created or adapted from other diseip] allowing to identify dispersion routes,
geographic isolation amorgxaor hybrid zones. The phylogeographic inferencegrdmted

to focus into evolutionary pressures that actedvactole on speciation events, like
hybridization or occurrences of introgression (Gudeg-Rodriguezet al, 2004; Hewitt,
2001). From a geographical point of view four med# natural speciation can be defined,
based on the extent to which diverging populatiares geographically isolated from one to
another: 1) allopatric speciation, characterisedabgomplete geographical separation of a
population into two parts by the interposition afrensic barrier (Mayr, 1942); the resulting
populations, between which the gene flow is inteted, evolve independently becoming two
distinct species. There are many kind of barriat dan separate two populations, classified in
ecological, ethological, and geographical. The sp®n in allopatry caused by geographical
barriers is considered the most common by the ntpjaf evolutionary biologists. ii)
Peripatric speciation, characterised by a colomnabf a new territory by a group of
individuals deriving from a population that remaisolated and successively evolve
independently (Provine, 2004). It is similar taoakhtric speciation, with two distinctive traits:
the colonizing population is smaller than the ovaipopulation, and the new territory did not
host the evolving population before its arrival) Parapatric speciation, characterised by
variations in mating frequency within a continugeographical area (Smith, 1965). In this
model there is not an extrinsic barrier that bldlck gene flow, but intrinsic low dispersal
capabilities, that lead individuals to mate witleithneighbour, and different evolutionary
pressure across the population range could creatlit®nary divergence. iv) Sympatric
speciation, characterised by the evolution of twiteent species from a single population
without geographical segregation (Poulton, 1903 interrupted gene flow among two or
more groups of individuals that occupy the sama,amad that become different species, can
be explained by ethological, ecological or geneg&sons, e. g. the duplication of the genome
(polyploidy) in some individuals can produce a ngvecies in the same geographic region of
the parental population.



CHAPTER 1_ Introduction

Recently, in the phylogeographic studies, speaatigpotheses are more and more tested
through the application of genetic markers: polyomic characters associated in a

unequivocal way to a portion of the genome.

Nowadays two big category of genetic markers aesluauclear and mitochondrial. They
posses different and unique features; the formdralssmitted biparentally and interlocus
recombination should mean that most nuclear markeoside replicate estimates of a
common demography, whereas the latter is transinittgternally as a single nonrecombinig
block (Eytan and Hellberg, 2010). Mitochondrial angtlear markers are able to complement
each other. The smaller effective population sizend@ochondrial DNA (mtDNA) should
allow it to capture signals of demographic evehiat tcannot leave their footprints on the
larger effective populations size of nuclear maskdihe strength of nuclear DNA (ncDNA)
lies in its ability to provide replicate samplestbé underlying demographic history affecting
the genome of an organism as well as replicateetoalescent process (Eytan and Hellberg,
2010). The combination and the congruence betwetndiasses of marker allows to identify
clades and estimate parameters, such as migratiea and hybridisation events (Lee and
Edwards, 2008).

Although the phylogeography offers new tools tooretruct and shed light on evolutionary
relationships among differenaxa it is useful reminding that there are many fastthat
influence the geographic distribution of biodiveysand dispersion of living organisms that
can be divided in two categories: abiotic and biofMonge-Najera, 2008). All these
impediments to movement are referred to as bioggange barriers (Rahel, 2007). The
dominant abiotic factor in determining the compositof regional faunas and in promoting
endemism is the presence of geographic (or natbaaf)ers (Cox and Moore, 1980; Ricklefs
and Schluter, 1993). In fact, geographic barrienmtes speciation because it can subdivide a
population, principally according two recognizedtpms: forming and growing itself inside
the areal distribution of the interested populatewen to completely separate this in two or
more parts, or because the areal of populatiobssdnibund the geographical barrier becoming
disjoined.

The geographical barriers are principally relatedgeological events ascribable to the
movement of tectonic plates, generating volcanigvitg, mountain building and oceans
formation. Other events, on a reduced scale, diueimce the formation and the modification

of geographical barriers, as erosion and depositiat are able to modify the landscape.
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Others abiotic factors that played a crucial roleshaping the actual distribution of faunas
have been the climate changes. The last importemtef climate changing was recorded in
Pleistocene, when different glaciations events oecuin the north hemisphere (Hewitt,
2000; Wang, 1999; Slechtovéa, 2004). These draitiorital events determined the spreading
of the ice cap, provoking a shift and a compressibthe biomes toward the equator. The
great amount of water, captured by the glaciersthededuction of the seawater volume due
to the low temperature, produced a decrease isdghdevel causing the emersion of several
land bridges in large parts of the world (Rohligigal,. 1998). During this era some species
went extinct in large parts of the original rangeme other dispersed to new locations.

In the South European continent, that shows higellef biodiversity, several temperate
Europearntaxa survived through glacial cycles in “glacial refagilocated especially in the
three southern peninsulas: Iberian, Balkan andaitaine (Taberle¢t al. 1998; Hewitt 1999,
2000). These refugia have been traditionally sesehcanogeneous sources of colonizers of
northern latitudes after glacial periods, even giouwecently a more complex and
heterogeneous picture was depicted evidencing theepce of “refugia within refugia”
(Hewitt, 2004; Gomez and Lunt, 2007; Gante, 2009&ge northward expansion following
the glacial withdrawals, was strongly influencedthg presence of geographical barriers, like
the main European mountain barriers, or becaugbeotieep differences among the glacial
refugium in which they survived during the glam&s and the new environment in the
making. In this case biotic barriers, in particuthe biological features (autoecology) and
interactions with other species played a pivotd i@ the recolonization ability ofaxa
(Hewitt, 1999).

In this enlarge context valid tools to reconstrtice biogeographic development of a
particular region, related to their capability tokl their distribution with the historical
evolution of the landmass, are the freshwater fishe absence of human traslocations, their
phylogeographies reflect historical causes moresedyo than those of terrestrial species
(Bernatchetz and Wilson, 1998). The primary fredewéishes are unable to disperse trough
sea water and are restricted to the hydrographi@alorks of drainage basins (Reygilal,
2007). Colonization between basins can only takegbn a long temporal scale during the
evolution of an hydrographic basin through no mthr@n four modalities: i) river capture
(Waterset al. 2001, Strange and Burr 1997): occurs when a staganwer drainage system is
diverted from its own bed, and flows in the bedhafeighbouring stream; ii) river confluence
of downstream courses (Bermingham and Avise 1986Gamiet al. 1999b): the sea level
5
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change in time; in particular during glaciationgsaower that the present, and rivers flowing
in shallow seas could be in connection throughramaon mouth; iii) sea dispersal in case of
low salinity conditions (Bianco, 1990): a typicadaenple is constituted by the “Lago Mare”
phase of the Mediterranean sea, occurred at theohidessinian age; and iv) proglacial
lakes: during the melting phase of glacial cycles}t water from retreating glaciers formed
proglacial lakes; these, dammed and fed at the sameby the glaciers themselves, followed
the glacier fronts, changing in size and positiond apassing sometimes from an
hydrogeographic system to another. Aquatic speaigle to exploit these geographical
elements received high opportunities to disperssr owde ranges (Behrmann-Goaslal.,

2004, Bernatchez and Wilson, 1998). Such dispensieahanisms are highly restricted and,
as a consequence, relationships among fish lineatges reflect relationships between
different areas, minimizing one of the main diffiees (i.e.dispersal) in reconstructing the

past biogeographical development of an area (Rst(L897).
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2. Hydrographic and ichthyogeographic structure of Italian peninsula

The Alps, the highest mountain chain in Europe aitrEast-West orientation, isolated Italian
peninsula from the main Central European drainaggems such as Danube, Rhine and
Rhone, favouring the develop of an high numbernofegnic freshwatetaxa (Bianco, 1990).
However events of permability among the two sidésAfps are proved by the areal
distribution of some species, which are preseniare than one region. Permeability of
alpine chain is identified for both fistC6ttus gobio Slechtovéet al. 2004, Telestes spp.
Salzburgeret al. 2003) and crayfish (Grandjea al.,1998); the distribution of other species
as Lota lota and Perca fluviatilis lead to the hypothesis of a contact among Italiad a
transalpine districts.

Alpine chain is not the only geographical barriethe Italian peninsula, also the Apennines,
even though present a lesser altitude, can cotestatn impediment in dispersal for several
species, particularly to those which dispersiorstigctly related to the morphology of the
landscape, such as aquatic species (Bianco, 19@sk®ntated in a South-North direction,
Apennines divide basins drain the Adriatic Sea fthose that drain the Tyrrhenian Sea.
Alpine and Apennine chain delimits the Po Riveriba$o River is the largest Italian
watercourse and drains a large area in northenutdil the Adriatic sea. In addition a series
of smaller rivers, belonging to the same systenaindthe Adriatic sea coasts as well
(Tsigenopouloset al, 2002). Among neighbouring regions, the territary Slovenia is
considered to belong to this hydrographic systeotofding to the intensity of the glaciation
events in the Pleistocene, it is known that somehefAdriatic rivers came in confluence
allowing an exchange of ichthyofauna among thenmr{kettoet al, 2010).

Concerning the Tyrrhenian costs, rivers that diaithis part of Italy are quite different from
the ones of the Adriatic slope. These rivers apgepably shorter, even if there are evidences
of contact events, these are likely to have oeclin the upper or middle watercourses,
where hydrogeographic structures appear conducivéhittorical transitory river captures
(Marchettoet al, 2010). Because the large distance among mairsriaethis region and the
bathymetric profile of the Tyrrhenian Sea, a comioecvia downstream river confluence
when the sea level was substantially lower tharpteeent, appear unlikely.

The hydrographic structure of Italian peninsula oiateéd the allopatric distribution and the
diversification of various freshwateéaxa The distribution of the primary freshwater fishes
allowed the identification of two ichthyogeographiistricts on the base of the presence and
distribution of endemic cyprinid species (Bianc®9@) (fig. 1.1; tab. 1.1): i) Padano-

7
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Venetian (PV), including river basins drain the eppart of Adriatic Sea between the River
Vomano in Central Italy and the River Krka in Datiaa This district corresponds to the
basin of Po River during the last glacial maximumfact in that period the eustatic level of
the Mediterranean Sea was about 100-130 m lower ttiia present, and the mouth of Po
River was near the meso-Adriatic ditch. The Paddenetian district confines with the
Southern France district in the west and with tlendbian district in the North and in the
East, with the alpine chain as border. ii) Tuschatum, including the drainages flowing into
the Tyrrhenian Sea between the Serchio River aad tier River. Tyrrhenian Sea presents a
vertical profile steeper that Adriatic Sea, and ldwering of the sea level didn't influenced
the distribution of the freshwater species. Themvwcomprised in this district (Serchio, Arno,
Ombrone and Tiber) were however repeatedly condeeted isolated from the lower
Miocene to historic times, so their native freshevdauna is identical (Bianco 1995b).

" Tuscano-
T.atimmn

Figure 1. 1 Main ichthyogeographic districts ofita peninusula
according to Bianco (1995b)
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Table 1. 1 Endemic freshwater fish species in liralyre two principal ichthyogeographic districts

Padano-Venetian Tuscano-Latium
Cobitis bilineata Barbus tyberinus
Cobitis conspersa Rutilus rubilio
Barbus caninus Padogobius nigricans
Barbus plebejus Scardinius scardafa
Rutilus aula Squalius lucomonis

Padogobius bonelli
Knipowitschia punctatissima
Alosa agone
Salmo carpio
Salmo marmoratus

Cottus ferrugineus
Sabanejewia larvata
Lampetra zanandreai
Chondrostoma genei
Chondrostoma soetta
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3. Barbels

The genuBarbuscomprising al least 800 species spread over tltoagnents: Asia, Africa
and Europe (Howes, 1987), has been described bysM¥6861) as a monstrous aggregation.
Knowledge about taxonomy and systematic of thisugeare largely incomplete and should
be elaborate in detail. Several species from sontBerope are quite similar in appearance
and earlier authors have expressed different viemspecies limits. Recent molecular data
have shown that many southern Europieaa recognized by earlier authors indeed represent
valid species. For instance, in recent years Ketiial. (2002) formally described two new
Barbusspecies belonging to the Danube river system aackddaet al. (2010) found thaB.
rebeli could be actually a complex of species due tdigk genetic divergences found in its
populations.

As said above, primary freshwater fish, definedpagsiologically intolerant to marine
conditions (Myers, 1938), are particularly suitablephylogeographic studies due to their
limited dispersal ability. Fish geniarbusdue to its wide distribution across all Europehwi
an high number of species in southern peninsulaaanelatively few number in northern
region, and its interesting biological charact@sst is an excellent tool to investigate
phylogeographic patterns in the Mediterranean regibhis group of fishes combines
biological features that rarely are included inrggle genus: it includes diploid, tetraploid and
exaploid species, it is subjected to hybridizatowl its species could be grouped on the base
of ecological preferences.

All species of European barbel are tetraploid (Bteifr1995).

From an ecological point of view, the main traittbé distribution of barbels in Europe is the
existence of two groups or ecophenotypes. A rhdiopdn strictly riverine, which consists of
small species (maximum total length=20-25 cm) and a fluvio-lacustrine one which

comprises larger species (maximum total length30 cm) (Tsigenopoulost al, 1999).

3.1 Small-sized or strictly riverine barbels

Several species in this category have a relatisgiceed distribution and are allopatric. The
rheophilic barbs share many characters such asy paimentation formed by dark and
irregular marks, long anal fin which extends furtback than the root of the caudal fin. In
this type of species, based mainly on the structdrehe last (fourth) soft dorsal ray, the
number and size of the lateral line scales, wediatinguish two groups: themeridionalis

10
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with an unserrated ray and thbgclolepiswhich has a moderately serrated ray, and larger
number of smaller scales on the lateral line (Kaani971).

Riverine barbels tend to occupy thymallusmountain region of the basin. In absence of
fluvio-lacustrine species they may colonize a biggertion of river as in the case 8f
peloponnesius

In Italian peninsula, at this moment, two speciesracognized as strictly riverine barbeds:

caninusandB. balcanicus

3.1.1 Italian brook barbeBarbus caninu®8onaparte, 1839

Some authors consider the Italian brook barbellsgecies oB. meridionalis(Zerunian,
2002). However genetic studies based on allozym&éhoppoulogt al. 1999) and mtDNA
data (Tsigenoppoulos and Barrebi, 2000) showedItagan rheophilc barbel posses unique
genetic markers, and also unique morphologicatstri@ianco, 1995a), therefore should be
considered a distinct specieB. caninusis the biogeographic indicator of the Padano-
Venetian ichthyogeographic district, but the southand eastern limit of its range is
uncertain (fig. 1.2). There have been local trasstd this species in central Italy (Bianco,
1994), but there are no documented cases of stictesguitment in these populations.
Barbus caninudhas limited degree of ecological adaptabilitypdicurs in the middle-upper
reaches of watercourses and small tributaries,earch of well oxygenated, fast flowing
waters, where the riverbed is made up of gravel stades where which they find refuge.
Areas with gravel bottom are necessary for spawthat)takes place among April and June.
It is a gregarious fish, its total maximum leng#dually measure 20-22 cm, it has with benthic
habits for trophic reasons. It searches actively rwacro-invertebrates, using a typical
behaviour of overturning pebbles with its mouth a@gbturing organisms that seek refuge
under them. Its diet is composed mainly of insactde, crustaceans and annelid worms. It
undertakes upstream migrations during spring amehser, and downstream during the cold
season. The species is very sensitive to alteraticanvironmental quality of watercourses.
Any kind of intervention on riverbeds seems to m&remely detrimental as well as water
pollution and water tapping. Numerous anthropiem¢ntions by man to rivers and minor
watercourses have produced local extinctions Bof caninus with the consequent
fragmentation of its range. In the past this spewias very common, but now it is restricted
to about 20-25 reproductive population, locatethmwestern part of Italy. In the IUCN Red

11
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List B. caninusis considered “vulnerable”, it is in the Annexinl the Directive 92/43/EEC

and in the list of protected species of the Bernv@ation (Appendix IlI).

Figure 1. ZRange distribution dBarbus caninu8onaparte,1839

3.1.2 Large spot barbdbarbus balcanicukotlik, Tsigenopoulos, Rab and Berrebi, 2002

This species was formally described in the 2002oreethis date it was classified &
petenyia small-sized rheophilic barbel widely distributédoughout the mountain regions in
the Danube River basin and several adjacent dresn@sigenopoulost al, 2002).

Several studies conducted on nuclear and mitocredndarker showed that insid petenyi
at least thre¢axa which have been evolving independently of onetlagroand of all the other
Barbus species since the Pliocene and are differentiatetthea species level (Kotlik and
Berrebi, 2002). Inside of these thrieexa B. balcanicuswas formally described also on the
basis of morphological characters (fig. 1.3).

B. balcanicusis distributed in mountain and submountain broakd rivers, and less often
lakes and reservoirs, in the Dinaric Mountains ba Balkan Peninsula in Yugoslavia,

Slovenia, and most likely also in Bosnia and Heoxta, and Croatia. Outside the Danube

12
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River basin, populations apparently conspecifidwtiitis species are known from rivers of the
Aegean Seadrainage in northern Greece. The wesistrkmown populations of this species
are located in the Isonzo River basin of the Adri&ea drainage in Italy and Slovenia (Kotlik
and Berrebi, 2002; Tsigenopoules al., 2002). It has benthic habits and occurs in fast o
moderate flowing premontane streams and smallgiweth gravel bottom. Usually is most
abundant in rapid and riffles during the day. Dgrthe spawning period, between May and
July, B. balcanicugnoves to upper reaches to spawn in riffles.

In the IUCN Red LisB. balcanicuss listed as Least Concern (LC) (Kottelat andyRod,
2007).

Figure 1. 3Range distribution dBarbus balcanicusKotlik, Tsigenopoulos, Rab and Berrebi, 2002

3.2 Large-sized or fluvio-lacustrine barbels

The fluvio-lacustrine species are present in alnadiSEuropean rivers and are characterized
by a spindle shaped body, small scales, shortfan&lvhich does not reach the root of the
caudal fin) and a triangular dorsal fin strengtltemath an ossified and generally serrated

unbranched ray. Large-sized barbel species, witkmion of those of Iberian peninsula, are

13
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allopatric. They prefer wide calm rivers, with guéar current, running through the European
plains, and sometimes lakes. Large-sized speanglstteform a paired complex with riverine
species, but unless there is an ecological andaspaparation between two ecological groups
they tend to hybridize in the zone of contact. Tdas be observed for instance betw8en
barbusandB. meridionalisin France (Chenu#ét al, 2004) and in the North-West Italy, in the
upper Po River drainages, betwdgncaninusandB. plebejusDelmastro, pers. comm.). In
basins where one of the species in the paired @mgllacking, the species present tend to
occupy the entire basin.

3.2.1 The Italian river barbeBarbus plebeju8onaparte, 1839

It was long debated if Italian population were ad®pecies or just a subspecieBafbus
barbus a widely distributed species in Europe. Recentistishowed its high degree of
genetic differentiation fromB. barbus (Tsigenpouloset al, 1999), which supports the
systematic position followed in this study. Thegarspecies encompasses the entire Padano-
Venetian ichthyogeographic district until the rivermanje (Dalmatia) (fig. 1.4). In Tuscano-
Latium district it was possibly native, with anginal distribution range partially overlapped
with the distribution oB. tyberinus as some specimens of this species have been faund
historical collections from Tiber River. But for @it one century this species has been
involved in translocations and its original distrlon has been altered (Bianco, 1995a).

The lItalian river barbel is a fish with a fair degrof ecological adaptability, capable of
occupying several reaches of watercourses, asaweilinor ones. However it prefers middle-
upper reaches where the current is fast and tleebed is covered of gravel. This kind of
bottom is indispensable for spawning. Spawning sailace when the water temperature
reaches 16-17 °C. During this period the Italiareribarbel swims upstream until finds good
areas with gravel bottom and fast-flowing watemrsb@bly in this season it comes in contact
with B. caninuslts longevity is unknown. It gregarious fish wibknthic habits and it reaches
total maximum length over 70 cm and 3 kg or moraveight. Its diet consist mainly of
macro-invertebrates and occasionally even macreghBt plebejusis a relatively resistant
species, capable tolerating a certain compromiseater quality, but it feels the negative
effects of men’s intervention on riverbeds. In squaets of the Po River basin there seems to
be a decline in the number of populations due toodluction ofB. barbus that tends to
substituteB. plebejus in virtue of its greater resistance to habitagjrddation (Zerunian,
2002).

14
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Some specimens with intermediate phenotype betBeghebejusandB. caninushave been
found in western lItaly. These specimens showednmdiate measurements and meristic
counts compared these two species, the body pigwm@mtwas also intermediate and the
peritoneum as well, therefore they were indicatetybrids (Bianco, 1995a).

In the IUCN Red ListB. plebejusis considered “at low risk”, it is in the Annex it the
Directive 92/43/EEC and in the list of protecte@aps of the Bern Convention (Appendix
11).

Figure 1. 4Range distribution dBarbus plebeju8onaparte,1839

3.2.2Barbus tyberinu8onaparte, 1839

For long time Centro-Italian barbels populationseveonsider belonging . plebejuseven

if some morphological differences were known frohe tones of the North of Italy
(Tortonese, 1970). Differences regard bigger scatelsthe colour of livery and peritoneum.
In this work to the Centro-Italian populationsstassigned the status of species according to
Bianco (1995a; 2003).

This species is the most widespread in the Tustatiam ichthyogeographic district. The

native range was probably not wide as now. Alorg Tlgrrhenian slope it is native in the
15
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river basins between Magra River and Sele River.tl@nAdriatic slope it was present in
historical time in the Ofanto River, the northeouhdary is not traceable (fig. 1.5).
Information on biology and ecology Bf tyberinusare not so wide. As the others congeneric
species it has benthic habits and it occurs froenrtddle to the middle upper reaches of
watercourses where water is quite deep with gooderx concentrations. In winter it finds
refuge under stones located in zones with deeprwlais considered a pioneer species due to
the its low capacity to compete with other cypranidorenzoniet al, 2006).B. tyberinus
reaches over 50 cm of total length and 4 kg of Wei@resumably specimens of 4 kg may
reach 11 or 12 years. The spawning season staheabeginning of summer. It feeds on
macrophytes, macroinvertebrates and small fishes.

B. tyberinusis intermediate betweeB. plebejusand B. caninusin many features and an
hybrid origin it was suggested by Bianco (1995). rpfmmetric analyses sowed that
hybridization phenomena betwe@&n tyberinusand B. barbusthat was introduced in the
Tuscano-Latium district are very probable. In sqrads of the Tiber River basin there seems
to be a decline in the number of populations duetimduction ofB. barbus(Bianco and
Ketmayer, 2001), that tends to substitBtetyberinus in virtue of its greater resistance to
habitat degradation and the faster increase iniweigd length (Lorenzowt al, 2006 ).

B. tyberinuss not listed in the IUCN Red List or in the Ditee 92/43/EEC.
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Figure 1. SRange distribution dBarbus tyberinu8onaparte,1839
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4. Aims

Main goals of this study are:

e Asses phylogenetic relationships and the biogedugedpstory of Italian barbels.

e Test how differences in the ecological preferencesld influence the population
genetic structure of the Italian species of theug&arbus

e Verify the hypothesis that interspecific gene fleecur betweerB. caninusand B.
plebejusin the transitional habitat where they come intaoty and interspecific gene
flow between the sympatric specigstyberinusandB. barbus.

18
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Phylogenetic structure of Italian barbels
(Cyprinidae, Barbus) inferred by mitochondrial and
nuclear markers. systematic and biogeographic

implications
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1. Introduction

The phylogenetic relationships and taxonomy idgntit Barbus species are the subject of
debates since decades. Distributed over most dfatdburope, Italian peninsula, partly of
Iberian peninsula and partly of Asia (Tsigenopowms Berrebi, 2000), the genBsirbus
was considered for long time as a subgenus of #stamn Paleartic barbels distinct from the
subgenud_uciobarbus which occurs in the Iberian peninsula, southereeGe and North
Africa. Subsequently, molecular and morphologicaldes (Tsigenopoulos and Berrebi,
2000; Machordom and Doadrio, 2001) indicated a d#ejgion among the two subgenera,
and they were elevated to full genus status (Katttehd Freyhof, 2007). The gerBarbus
counts more than twenty species, all tetraploid, gether witH_uciobarbusare among the
most widespread and diverse primary freshwateeéish the European continent (Doadsto
al., 2002).

Due to the wide distribution and the interestimgtribution pattern, with numerous endemic
species in the Mediterranean region and a smallbeunof species in central Europe
(Banarescu, 1973), this genus is an ideal evolatpmodel for inferring phylogeographic
history of the European freshwater fauna. Since dbeond half of nineties in several
molecular studies the relationships am@aybusspecies and populations across all Europe
have been investigated (Berrebi, 1995; Tsigenosoatal Berrebi, 2000; Kotlik and Berrebi,
2001). In particular, the major part of these stadiegarded the Iberian peninsula (Zardoya
and Doadrio, 1998; Doadriet al, 2002; Ganteet al, 2009a; Gante, 2009b) and the Balkan
area (Karakousigt al, 1995; Kotlik et al, 2002; Kotlik and Berrebi, 2002; Kotlikt al,
2004; Markoveet al, 2010). Concerning the Italian peninsula, althobgtbels are one of the
most important component of its freshwater faungerdture records just one work
(Tsigenopoulogt al, 2002) that tried to resolve the phylogenetictiefeships and taxonomic
status oBarbusspecies distributed in this region. Thus, a mexbaustive knowledge seems
necessary.

The Italian peninsula, isolated from continentatdpe by the Alps, hosts a relatively high
number of endemic freshwattaxa (Bianco, 1990). Its independence from the maint@aén
European drainage systems Danube, Rhine and Rhawwuréd this high degree of
endemicity. Moreover, Italian hydrographic struetis largely influenced by the North-South
orientated Apennine barrier, which modulated thdopalkric distribution and the
diversification of various freshwatéaxa (Marchettoet al, 2010). Based on the distribution
of cyprinid fishes, two main ichthyogeographic dets were identified (Bianco, 1990): (i)

20



CHARTERylogenetic structure of the Italian barbels

the Padano-Venetian district (PV), including basireem the Vomano River to the Krka
River, which all drain into the Adriatic Sea; (the Tuscano-Latium district (TL), from the
Serchio River to the Tiber River, which drain inb@ middle Tyrrhenian Sea.

From an ecological point of view, the main trait tbe distribution pattern of the genus
Barbusspecies in Europe and in Italy as well, is thestexice of two main ecophenotypes:
riverine or rheophilic, which consists of small sjgs (total length < 25 c¢cm) and fluvio-
lacustrine, which comprises larger species (tetagth > 50 cm) (Tsigenopoulesal, 1999).
Riverine barbels occur in mountain streams andchegacterized by speckled large black
scales, a long anal fin which extends further ek the root of the anal fin and with weak
last dorsal ray (Tsigenopoulesal, 1999). The fluvio-lacustrine species are preseatmost

all European rivers with regular flow and are cltegazed by spindle body, small scales,
short anal fin and strong and serrated dorsal Tajgénopoulo®t al, 1999). Several authors
suggested that these ecological traits can beeaft gmportance in defining groups within the
genus (Almaca, 1981; Economidis, 1991).

According to Bianco (1995a) and Kotlét al. (2002), four species @arbusare recognized
in Italy: Barbuscaninus Barbusbalcanicus Barbus plebejuandBarbustyberinus

B. caninusand B. balcanicushave the typical morphology of the small-sizedbleds. The
former species, biogeographic indicator of the Bvdistributed across all Po River and
Brenta River basirB. balcanicuss distributed, in Italy, only in the Isonzo Riveasin.

B. plebejusbelongs to the fluvio-lacustrine group and inhalite Po River basin up to the
Adriatic rivers in northern Croatia (Tsigenopoudisal., 2002). The ecology d. tyberinuss
quite similar toB. plebejustherefore it is grouped in the fluvio-lacustricegegory as well. It
lives in the TL district and it is the only speciesBarbus present in this region. Bianco
(1995a) demonstrated tHat tyberinusshows morphological traits intermediate to thoke o
B. plebejusandB. caninus namely the body size, the body and peritoneummratbn and the
presence of marbling on the body. Therefore he idered this species the result of an
ancient hybrid speciation, also because it is founbasins where the other two congeneric
species do not occur.

The major part of the studies concerning the plsthygof the genuBarbuswere conducted
using prevalently a mtDNA marker: the Cytochromgelne (e.g. Zardoya and Doadrio, 1999;
Doadrio et al, 2002; Tsigenopoulost al, 2003). This is a suitable marker to answer a
diversity of systematic questions on a wide gedgrapange (Fariat al, 2001, Godinhcet
al., 2008), differently at small geographic scale sameresting information could be lost,
keeping populations genetically undifferentiatedaffkhamet al, 2002). For these reasons,
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in order to have phylogenetic and phylogeographicadependent information, the
comparison with nuclear markers is essential.

Genes from the nuclear and mitochondrial genomeg pnaduce distinct phylogenies as
result of different inheritance pathways, divergesglection pressures, and differential
responses to processes such as lineage sorting, digication or deletion, and hybrid
speciation. Conversely, congruent phylogenies amiwege two genomes could strongly
suggest that the gene trees are also congruent ththspecies phylogeny. Therefore,
comparison of gene phylogenies of the two genom#égrwovide an opportunity for robust
reconstruction of the phylogenetic relationshipsy@&set al, 2004).

1.1 Aims

| estimated phylogenetic relationships of Italisarliels applying both mtDNA and ncDNA
markers, comparing, then, the results in a Europeatext.

Meanwhile two hypotheses were tested: the hybrigiroof B. tyberinusand the congruity
among groups defined on the bases of ecologicalres and those defined by genetic

analyses.

22



CHARTERylogenetic structure of the Italian barbels

2. Materialsand Methods

2.1 Sampling

According to their morphology, all four previoustiescribed species were collected from
their terrae typicae Species identification, in some cases uncertaia tb the strong
morphological plasticity of these fishes, was @trout in the field following the criteria
proposed by Kottelat and Freyhof (2007). Sample®wsellected by electrofishing across the
Padano-Venetian and the Tuscano-Latium ichthyoggage districts. In particular six
populations oB. caninusthree populations d. plebejustwo populations oB. balcanicus
and seven populations &. tyberinus(fig. 2.1; tab. 2.1) were sampled for a total 642
specimens.

Each population was represented at least from Withdhls per site with an average of 15
specimens. After the identification, a clip of @ueal fin was stored in 100% ethanol and kept
refrigerated at 4 °C. SamplesB®fbarbus B. prespensiandB. carpathicusrom central and
eastern Europe, kindly provided by H. Gante, werduded, while three other species,
belonging to the subgenusiciobarbusfrom Iberian peninsula were used as outgroup (tab.
2.1).

Once in laboratory, total genomic DNA was extraatsohg a proteinase K digestion followed
by sodium chloride extraction and ethanol precita(Aljanabi and Martinez, 1997).
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Figure 2. 1 Map of northern and central Italy shrayvihe main river system, the ichthyogeographitridts and
the sampling sites. PV: Padano-Venetian ichthyoggagc district; TL: Tuscano-Latium ichthyogeograph
district

24



CHARTERylogenetic structure of the Italian barbels

Table 2. 1 Sampling location Bfarbus spppopulations analysed in this study
Ichthyogeographi  N° of

Population  Localities River Main river basin district specimens Species
1 Trana Sangone Po river PV 15 B. caninus
2 Priola Tanaro Po river PV 15 B. caninus
3 Varisella Ceronda Po river PV 30 B. caninus
4 Sanfront Po Po river PV 11 B. caninus
5 Voltaggio Lemme Po river PV 17 B.caninus
6 Fonzaso Cismon Brenta river PV 14 B. caninus
7 Costa Bona Piumizza Isonzo river PV 20 B. balcanicus
8 Grojna Groina Isonzo river PV 15 B. balcanicus
9 Albergo la Nona Paglia Paglia river LT 21 B. tyberinus
10 Scanzano Topino Tyber river LT 8 B. tyberinus
11 San Giustino Tyber Tyber river LT 13 B. tyberinus
12 Valfabbrica Chiascio Tyber river LT 20 B. tyberinus
13 Passano Lama Tyber river LT 6 B. tyberinus
14 Soara Soara Tyber river LT 8 B. tyberinus
15 Lupo Cerfone Tyber river LT 20 B. tyberinus
16 Carde Po Po river PV 9 B. plebejus
17 Savigliano Maira Po river PV 15 B. plebejus
18 Novara Terdoppio Ticino river PV 12 B. plebejus
European samples
NA NA NA Danube river D 2 B. barbus
NA NA NA Danube river D 2 B. carpathicus
NA NA NA Prespa Lake B 2 B. prespensis
NA NA NA Ebro river IBP 1 B. haasi
NA NA NA Duoro river IBP 1 Luciobarbus bocagei
NA NA NA Gaudiana river IBP 1 Luciobarbus comizo
NA NA NA Gaudiana river IBP 1 Luciobarbus microcephalus

Population number, locality, river, drainage systéchthyogeographic district, number of specimespzcies.
NA: not available; PV: Padano-Venetian; TL: Tuscamatium; D: Danubian; B: Balkan; IBP: Iberian pesia

2.2 Amplification and data analyses of mtDNA

The entire cytb gene (1141 bp) was amplified byyparase chain reaction (PCR) using
primer pair L15267 (5 —AAT GAC TTG AAG AAC CAC CGT3) and H16461 (5’ -CTT
CGG ATT ACA AGA CC- 3’) (Briolayet al, 1998). All PCR amplifications were performed
using Multiplex PCR kit (Qiagen) in 10pL reactioolyme containing approximately 10ng of
template DNA and 0,25uM of each primer. Thermalliogcwas performed as follow:
denaturation of 15 min at 95 °C, followed by 3@leg of 94 °C for 30 sec, 90 sec at 56 °C of
annealing temperature and the extension step &€ #@r 90 sec, the final elongation was at
72 °C for 10 min. Negative PCR controls with no pédere DNA were used in each
experiment. A 1.5ul aliquot of each PCR product elestrophoresed in a 1.5% agarose gel
stained with ethidium bromide for visualization.oRr the remaining PCR products 1.5ul
were took and purified using Exo-Sap, subsequesgtyuenced on an ABI 3130xI Genetic
Analyzer using Big Dye 3.1 terminator (Applied Bystem).
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A fragment of 733 bp long, from generated sequene@s used for data analyses. The
alignment of sequences was carried out manuallgliminate ambiguities and to check
polymorphic sites.

To determine the level of genetic variation withgopulations, several measures of
polymorphism were calculated using DnaSP, versidhilirado and Rozas, 2009). For each
locus, the number of haplotypes (h), humber of molsphic sites (S), haplotype diversity
(Hd), mean number of nucleotide differencey, @nd two commonly statistics D (Tajima,
1989) and R (Ramos-Onsins and Rozas, 2002) were estimateddso for non-neutral
evolution of the analysed data set. Parameter asg1fHd” and %" and their variances were
calculated according to formulae given in Nei (108Vhe significance of the D, and; R
statistics was tested by generating random samylder constant population size using a
coalescent simulation (Ramirez-Soriagioal, 2008). For neutral markers significant low D
and R values can be expected in cases of populationnsiga Net between-group mean
distances among all major mtDNA lineages were datexd according to Nei and Li (1979).
Distances and standard error, using 500 bootstegficates, were calculated using the
Kimura 2-parameter (K2P) model in MEGA4 (Tametaal, 2007).

Phylogenetic relationships were inferred using tifterent analytical approaches: maximum
parsimony (MP) performed with PAUP 4.0b10 (Swoffo2®02) and maximum likelihood
(ML) using PhyML (Guindon and Gascuel, 2003). Tiptimal model of molecular evolution
for ML analysis was determined using MODELTEST @désada and Crandall, 1998), using
the corrected Akaike Information Criteria (AIC). 8 Belected molecular evolution model was
TrNef+I+G with the equal base frequency, base triansprobabilities of 23.4765 for rAG,
13.243 for rCT and 1.00 for the remaining categgribe gamma distribution shape parameter
a equalling to 0.7626 and 0.4575 the proportionnvfriable sites. ML and MP analyses
were performed using an heuristic search algoritiitren 1,000 of the non parametric
bootstrap test replicates were performed to asgesnodes robustness. Phylogenetic trees
were rooted using cytb sequences diugiobarbusspeciesL. bocagej L. comizoand L.
microcephalus

Then, a minimum spanning network, coupled with istigal parsimony analysis was
constructed for each of thaxa investigated . For the construction of the netwwds used
the computer program TCS (Clemental, 2000).

2.3 Amplification and data analyses of ncDNA
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Nuclear sequences are becoming a widespread taelstdve phylogenetic relationships of
several organisms (Pinlet al,2008; Eytan and Hellberg, 2010) and many PCR psarhave
become available. Primers for the Growth Hormonseg&h) and the S7 Ribosomal Protein
(S7), developed and successfully used in phylogemsttdies of species belonging to the
family of Cyprinidae (Moyeret al, 2009; Gante, 2009b, Kotliet al, 2008), have been
selected.

Since species from the genBarbusare tetraploid nuclear loci cannot be sequencextidiy,
but specific primer pairs have to be used to am@idlectively a single paralog locus. Gante
(2009b) developed, for some of the Europ8anbusspecies, forward and reverse specific
primers that bind to single copies of these twdedgnt nuclear genes (fig. 2.2). | tested this
set of primers on the ItaligBarbusspecies. From here onward | will refer to the thfterent
copies of the genes with the acronym S7_1 and &#_the ribosomal protein and Ghl and

Gh2 for the Growth hormone gene.

S7.1

o 3
l_’ 1
b ‘TI|—' (;ZJ
s7.2
El 5
I—P —
T 52
Gh 1
ig i PR
1 E
11 9
Gh_2
8 13,14

11,12 9

Figure 2. 2 Schematic representation of the stultieidand annealing sites of primers used for aficplions
and sequencing. Numbers refer to table 2.2.

S7_1, S7_2 and Ghl1 were successfully amplified aathilable primers (tab. 2.2); regarding
Gh2 reliable amplicons were obtained only BirtyberinusandB. plebejus therefore new
primer pairs were developed Br caninusandB. balcanicusas follow.

Once amplified both paralog Gh gene copies witlegamprimer pair (Unmack, unpub. data),
PCR products were visualized on a 2% agarose gekst with GelRed® (Phoenix, Research
Products). The single paralog copy of interest satated by gel excision and DNA was
eluted from the gel using MinElute Gel Extractioit KQiagen). Then individual band was
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sequenced as above. Generated sequences were Isnatigaed and used to develop new
paralog-specific primers.

Table 2. 2 Nucleotide sequences of primers usadhtdy nuclear loci S7_1, S7_2, Gh1l and Gh2.

Primer name No Sequence (5'-3) Annealing site Source
S7TRPEX1F 1 TGGCCTCTTCCTTGGCCGTC S7 exon | Chow & Hazdl888
S7RPEX3R 2 GCCTTCAGGTCAGAGTTCAT S7 exon llI Chow & Haza, 1998
S7BL1F 3 CCCAGCTAAAGAGTTTTCAAATG S7_1intron | Gante gercomm.
S7BH1cR 4 GCACATGGGGCCCAGTAAT S7_1intron | Gante peanm.
S7BL2F 5 CCCAGCTAAAGAGTTATCAAGTT S7_2intron | Gante ge comm.
BS72i1R 6 AACTCCAAGCATGTTCTTAGCTTATCG  S7_2intron | Thistudy
S7BH2cR 7 GAAACTGATTTATTAACTCCCAAA S7_2intron | Gantgers. comm.
Ghe3.3F 8 GACAACCTGTTGCCTGAGGAACGC Gh exon llI Unmaahkpubl. data
Ghe5.183R 9 CTACAGGGTGCAGTTGGAATC Gh exon V Unmack ublpdata
BGh1.i3.79f 10 GGGGTCTGTGGAAAAGTTTGG Gh intron IlI Ganpers. comm.
BGh2.E532SR 11 AGTGGCAGGGAGTCATTG Gh exon V Gante peosam.
BGh2.E532SRb 12 AGTGGSAGGGAGTCGTTY Gh exon V This study
BGh2.i3.226F 13 GTACTATAGTAAGCAGAAATGG Gh intron Il Qe pers. comm.
BGh2.i3.226Fb 14 GTACTAKAGTRRGCAGAAATGG Ghintron Il His study

No: number corresponds to fig. 2.2; F and R refdotward and reverse respectively

Once developed and tested all necessary primes, JACR assays were performed using
Multiplex PCR kit (Qiagen) in 10uL reaction volunoentaining approximately 10ng of
template DNA and 0,25uM of each primer pairs. Traraycling was performed as follow:
denaturation of 15 min at 95 °C, followed by 30top40 cycles (depending on the primer
pair used) of 94 °C for 30 sec, 90 sec at the gp@aie annealing temperature (tab. 2.3) and
the extension step at 72 °C for 90 sec, the fil@hgation was at 72 °C for 10 min. PCR
products (2.0ul) were purified using Exo-Sap angusaced in both directions on an ABI
3130xI Genetic Analyzer using Big Dye 3.1 termingipplied Biosystem).
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Table 2. 3 Number of PCR cycles and annealing temyee of each primers pair used for amplificatain
nuclear loci

Locus Primers pair N° cycles T° annealing

S7BL1F ]

STl SauicR 40 56°C
S7BL2F o

<7 ,  S7BH2CR 35 62°C

—~ S7BL2F 35 62°C

BS72i1R

BGH1.i3.79f ]

Ghl pGH2Essasr O 59,5°C
BGHZ2.i3.226F ]

Gh » BGH2.ES32SR 35 S5°C

— BGH2.i3.226Fb .. E5oc

BGH2.E532SRb

F and R refer to forward and reverse respectively

Heterozygous specimens for insertions or delet{@rdels) were manually phased analyzing
the complementary information carried by the fordvand the reverse sequences (Eloal,
2006). To verify the right application of the Fletnethod to decode the superimposed traces
produced by direct sequencing, | cloned PCR pradotfour of these heterozygous samples
for two different loci (Gh2 and S7_2). Cloning waeried out using TOPO® TA cloning kit
(Invitrogen) according to manufacturer’s instrunoEach sequence of samples at each locus
was found to be very similar (less 0.5% differenae)dentical to one or the other sequences
obtained from direct sequencing; no more than femihces in nucleotide composition were
found. Appendix | reported site of variation amaitgased and cloned sequences.

Haplotypes with known phases were subsequently useghase the remaining single
nucleotide polymorphism heterozygotes haplotypegh WHASE (Stepheret al, 2001).
PHASE input files were generated using seqPHAS& (RD10). Consistency of the inferred
haplotypes was assessed in five independent PHASEas recommended by the author.

The level of genetic variation withtaxawas estimated using the same program and the same
indices calculated for the cytb (see above). Ireptd test if intragenic recombination may
have affected the patterns of variation in the dlear loci, | used the four-gamete test, which
estimates the minimum number of recombination es/éRin) in the history of each samples.
Nuclear gene genealogies were inferred using tWerdnt analytical approaches: maximum
parsimony (MP) performed with PAUP 4.0b10 (Swoffo2®02) and maximum likelihood
(ML) using GARLI v0.96 (Zwickl unpublished, availeb at

http://www.nescent.org/wg gali/
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For each data set, two replicates were run for@D@enerations with a threshold score of
0.05 and a log-likelihood threshold value of 0.8llgwing the sequences to evolve under a
GTR+1+G model with parameters estimated from thea day MODELTEST 3.7 (Posada and
Crandall, 1998), using the corrected Akaike and&3&n Information Criteria (AIC). ML
and MP analyses were performed using an heuristicch algorithm . Then 1,000 (for MP
analisys) and 1,000 (for ML analysis) of the nomapaetric bootstrap test replicates were
performed to asses internodes robustness. Sindeanugenes showed different levels of
recombination, relationships among haplotypes wirstrated also with a median-joining
network using the program NETWORK (available htp://www.fluxus-technology.corm/

Data are transformed into a set of compatible bijgans, that are presented by a split
network, where reticulations can be interpretedeaslences of conflicting phylogenies

(Bryant and Moulton, 2004). Multiple base insersar deletions are likely to have resulted
from a single evolutionary step, therefore indetsevcut from the data in order to leave the
first base of them. Nevertheless, some segregatsgions located within the indels were

removed, reducing the numbers of polymorphic sites.

Phylogenetic trees were rooted using nuclear segsenf 3LuciobarbusspeciesL. bocagej

L. comizoandL. microcephalus

2.4 Bayesian clustering analysis of nuclear data

Each unique allele was identified using the NRDBgpam (written by Warren Gish,

Washington University, unpublished data) availalle http://pubmist.org Due to the

complexity of the total nuclear data set and thghHhevels of polymorphism of nuclear
sequences, | verified the reliability of resultstaobed with NRDB also using the program
MacClade v.4.03 (Maddison and Maddison, 2002); fgefo start the analysis data set was
subdivided in smaller data set as recommended itghBrd and Wen (2002).

Then a Bayesian clustering analysis of nuclear Ddd#a was assessed using the program
STRUCTURE v2.2 (Prithchardt al, 2000). to demonstrate the presence of distincetye
populations, to assign individuals to populatiorns, identify migrants and admixed
individuals. It exploits the Bayes’ theorem to gssia posterior probability for every
individuals to belong a population. STRUCTURE idies clusters by assigning individuals
to K populations in the way to maximize linkageedjgilibrium between them.

To asses reliability of solutions, 10 iterationsreveun for eactK. Each run was made of
20,000 MCMC (Markov Chain Monte Carlo) generatiass burn-in, followed by 50,000
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MCMC replicates to estimate the posterior sampHriution, using the admixture and
correlated allele frequency models. Three differemthods were used to determine the
number of groupsK) identified by STRUCTURE of each data set. Thetfidentifies the
most likely value oK by comparing changes in LnP(D) values of conseeWi(Prithchard

et al, 2000). The second method, developed by Evaetnal. (2005), finds the ad hoc
guantity based on the second order rate of chahg¢fgeedikelihood function with respect to

K(AK).

31



CHARTERylogenetic structure of the Italian barbels

3. Reaults

3.1 Sequences variation atacka polymorphism

For each specimens (N=264) a nucleotide sequent&3bp long, corresponding to a partial
region of the cytb gene, was analyzed. Combinatibwariable sites defined 27 different
haplotypes. Of these 27 haplotypes two were alredeyosited in GenBank with the
following accession numbers: AF112124 correspontingc6 B. caninuy and AY331019
corresponding to BblOB( barbu3. Table 2.4 shows the distribution of the detected

haplotypes acrodaxaanalysed.

Table 2. 4 Haplotypes distributions across samptgllations.
Taxa/haplotype Bcl  Bc2 Bc3 Bc4 Bc5 Bc6* Bce7 Bc8 Bc9 Bb10* BtybBpl2 Bpl3 Bpl4d

B. caninus 61 1 1 4 1 3 1 3 1 7 1 3 15

B. balcanicus

B. tyberinus 20 7 2 16

B. plebejus 5 2 25 1

Taxa/haplotype Bball5 Bball6 Bbl7 Bb18 Bpl9 Btyb20 Btyb2ybR2 Btyb23 Btyb24 Btyb25Btyb2 Btyb27
B. caninus

B. balcanicus 21 14
B. tyberinus 18 1 21 1 1 2 2 1

B. plebejus 1 1 1

* Haplotypes already deposited in GenBank

Levels of sequence polymorphism were summarizethbte 2.5. Concerning the cytb, the
highest level of haplotype diversity (0.831) wasrfd inB. tyberinusthe lowest (0.494) iB.
balcanicusthat showed just two haplotypds. caninusshowed the highest value ©{0.033)
with the highest number of polymorphic sites (S=8@)B. balcanicuswas detected the
lowest value oft (0.002) with just 4 polymorphic sites. Overall featide diversity among
264 samples was 0.053. For Pop. n°8 Tajima’s Dgage a significant result ang Eest gave

a significant results for Pop. n°15 (Appendix Buggesting that these two populations might
had experienced a bottleneck; while the hypothalsiseutral evolution could not be rejected
for haplotypes of othalxa Within each species group p-values of all stiaiistest were not
significant.

Sequences analysis of four nuclear genes yieldéd abgned sites (S7_1: 373 bp; S7_2: 598
bp; Ghl: 588 bp; Gh2: 1103 bp). Several indels vassamed in the alignments to maximise

base pair identity in conserved sequenced bloekikithg the indels. Indels ranged from 1 bp
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up to 95 bp (found in Gh2). Growth hormone geneand 2) were the most variable markers,
Italian Barbusspecimens analysed exhibited 42 and 68 allele&dr and Gh2 respectively.
Conversely ribosomal protein S7 (1 and 2) genesJess variables; from the alignments
were recognised 27 and 32 alleles for S7_1 and 8&gectively.

Polymorphism levels calculated from the datasetueleg sites with gaps were reported in
table 2.5. If Hd showed similar values among nucéa mitochondrial markers, the same it
was not true for values. Nuclear loci, despite being introns, shibwelymorphism levels
considerably lower than those observed in the mtDikBgment analysedn§n=0.011;
neh2=0.016;ns7 +0.021;ns7 =0.010;m:,x=0.053). As for cytb, in generd, caninusshowed
the highest values of polymorphism, meanwHBilebal@nicusthe lowestB. plebejusandB.
tyberinusshowed values of polymorphism similar between edhbbr.

Nuclear genes displayed significantly values offiajs D and R test indicating non neutral
evolution inB. balcanicusB. tyberinusandB. plebejus(tab. 2.5). Nuclear genes failed to
pass the four-gamete test, supporting the hypaheshave suffered several recombination
events at least 3 for Ghl, 6 for Gh2, 2 for S7_d &for S7_2 (tab. 2.5).

Table 2. 5 Summary of polymorphisms for each land each species.

Gene Species Lenght (bp. Indels (bp) N Polymorphism S D R, Rm
h k Hd + SD n+ SD
Cytb Al 733 264 27 38.93 0.868 +0.010 0.053 +0.001 111523* 0.175
B. caninus 733 102 13 24.209 0.617 £+0.051 0.033+0.003 86 1.405 390.1 -
B. balcanicus 733 35 2 1.976 0.494 +0.039 0.002 £+0.000 4 2.552 0.247
B. tyberinus 733 91 12 13.704 0.831+0.016 0.018+0.001 39 2476 50.17-
B. plebejus 733 36 7 8.854 0.506 +0.009 0.012+0.002 30 0.012 0.145
GH1 Al 533-587 6(54,12,9,14,36,3) 528 42 4.966 6.80.008 0.011+0.001 32 0.440 0.077 3
B. caninus 542-587 4 (12,9, 36, 10) 204 28 4.276 0.914 +0.000 &+0.000 21 0.538 0.538 3
B. balcanicus 555-569 1(14) 68 2 2.094 0.349+0.057 0.003+0.001 6 11.6 0.174
B. tyberinus 533-587 2 (54, 3) 182 9 1.81 0.663+0.032 0.003 +0.004 1-0.641* 0.064* 1
B. plebejus  533-587 2(54,9) 68 7 2.035 0.296 +0.072 0.003 £0.008 -1.377* 0.055*
GH2 Al 898-1041 8(3,1,13,20,8,95) 516 68 14.153 8@.80.009 0.016+0.000 59 1.783 0.119 6
B. caninus 898-1024 9(5,6,3,95,22,1,1) 198 42 8.491 0.9567084 0.009 +£0.000 49 0.047 0.086 5
B. balcanicus 917-1041 8 (3, 1, 13, 20, 8, 95) 70 8 6.111 0.720 +1.040.006 + 0.000 14 3.173 0.210 1
B. tyberinus 898-1029 6 (6, 12, 95, 22, 1, 1) 180 7 6.699 0.496 3.0 0.007 +0.000 32 0.596 0.104 2
B. plebejus  898-1029 6 (5, 13, 3, 95, 22, 1) 68 8 1.543 0.518 +3.000.001 + 0.000 30 -2.240* 0.052* -
S7_1 Al 329-352 7(1,1,2,4,6,3,7) 516 27 6.526 P8®.006 0.021+0.000 31 1.144 0.105 2
B. caninus 341-354 5(1,1,3,7,1) 200 11 3.992 0.772+0.021 DH0.001 17 0.550 0.117 2
B. balcanicus 329-343 4(1,1,28,12) 68 5 1.556 0.561+0.041 0.004081 12 -1.065* 0.064* -
B. tyberinus  329-344 7(1,1,2,4,6,3,7) 180 9 1.768 0.702 +®.020.005 + 0.000 18 -1.153* 0.049
B. plebejus  341-352 5(,4,6,3,7) 68 10 2.801 0.678 £0.048 00001 23 -1.291* 0.059* 2
S7.2 Al 535-562 7(5,2,2,2,3,27,6) 520 32 5.31 B8.8%.006 0.010+0.000 28 0.650 0.094 3
B. caninus 535-562 7(5,2,2,2,3,6,27) 202 15 3.639 0.80402D. 0.006 £0.000 17 0.675 0.106 2
B. balcanicus 567 70 0.292 0.188 +0.061 0.000 +0.000 2 -0.490* (0:073
B. tyberinus 558-562 4(5,2,3,6) 178 14 1.396 0.641 +0.037 0.00060 14 -1.084* 0.049*
B. plebejus  535-562 7(5,2,2,2,3,27,6) 70 7 2.393 0.638 +9.040.004 + 0.000 15 -0.673* 0.079*

N: number of sequences; number of haplotypes; k: mean number of nucleatifferences among sequences;
Hd: haplotype diversitys: nucleotide diversity; S: number of segregatingssiRm: minimum recombination
events. * Statistically significant values for DdaR, statistics p<0.05
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Net between-group mean sequence divergences fbracgt provided in table 2.6. Genetic
distances among species varied, excluding outgspapies, from 1.2%, between tyberinus
andB. plebejusand 9.4% betweds. barbusandB. balcanicus

Table 2. 6 Average distance between pairs of spealeestimates are expressed as percentage.

GeneSpecies B. caninus B. balcanicus B. plebepistyberinu:B. barbus B. carpathicuB. prespens B. haasi L. comizo L. bocagei
Cytb B. caninus

B. balcanicus 6.1

B. plebejus 8.7 8.3

B. tyberinus 9 8.8 1.2

B. barbus 8.6 9.4 3.9 3.7

B. carpathicus 8.1 5.3 7.6 7.1 7.8

B. prespensis 7.1 7.9 6.6 6.7 6.4 7.5

B. haasi 8.9 8.1 6.2 6.1 6.4 6.8 7.5

L. comizo 9.3 11.9 8.5 9.3 9.1 11.3 8.7 10.9

L. bocagei 8.7 10.8 8 8.9 8.5 10.7 8.1 9.9 17

L. microcephalus 10 12.3 10.1 10.1 9.1 11.3 9.1 11.1 4.9 4.9

Bold values record maximum and minimum distanceesbetween species.

Net between-group mean sequence divergences fdeamuloci are provided in table 2.7.
Genetic distances among species varied, excludutgraup species, from 0.00% (S7_1)
betweerB. tyberinusandB. plebejusand 3.8% betwedB. caninusandB. balcanicugS7_1).

In generalB. tyberinusand B. plebejusshowed the lowest mean distance values except in
locus Gh2. Distances among single haplotypes wetecalculated due to the low genetic
distances found among groups of species.
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Table 2. 7 Average distance between pairs of spexitculated for the different nuclear loci; altiesites are
expressed as percentage.

GeneSpecies B. caninus B. balcanicus B. plebepistyberinu:B. barbus B. carpathicuB. prespens B. haasi L. comizo L. bocagei
GH1

B. caninus

B. balcanicus 15

B. plebejus 11 1

B. tyberinus 1.3 1 0.1

B. barbus 21 1.2 1.5 1.8

B. carpathicus 1.9 0.8 1.4 1.3 1.9

B. prespensis N/A N/A N/A N/A N/A N/A

B. haasi 14 0.5 0.7 0.7 1.6 N/A 0.9

L. comizo 24 16 1.9 21 1.8 N/A 1.8 15

L. bocagei 2.6 1.7 21 2.3 2 N/A 2 17 0.2

L. microcephalus 2.6 1.7 2.1 2.3 2 N/A 2 1.5 0.2 0.3
GH2

B. caninus

B. balcanicus 1.7

B. plebejus 2.2 17

B. tyberinus 23 2 1.9

B. barbus 1.3 1 12 14

B. carpathicus 2 1.7 14 1.8 12

B. prespensis 1.6 15 1.9 18 0.9 1.7

B. haasi 23 2 1.9 25 1.7 1.9 21

L. comizo 4 3.4 3.8 3.4 2.7 3.8 34 4.4

L. bocagei 4 3.4 3.8 34 2.7 3.8 34 4.4 0.3

L. microcephalus 3.8 3.3 3.7 3.4 2.7 3.7 3.3 3.9 1.3 1.2
S71

B. caninus

B. balcanicus 38

B. plebejus 2.8 2.7

B. tyberinus 2.9 2.9 0,00

B. barbus 3.5 2 3.2 35

B. carpathicus N/A N/A N/A N/A N/A N/A

B. prespensis 2.8 11 2.6 2.8 1.6 N/A

B. haasi 1.9 21 1.8 1.9 21 N/A 1.8

L. comizo 2.3 2.8 3 3.1 3.3 N/A 3 2.4

L. bocagei 2.3 2.8 3 3.1 33 N/A 2.9 2.3

L. microcephalus 3.2 35 3.6 3.8 4.3 N/A 39 3.3 1.7 1.7
S72

B. caninus

B. balcanicus 2.2

B. plebejus 1.7 15

B. tyberinus 15 13 0.2

B. barbus 1.6 1.6 1 0.8

B. carpathicus 22 0.2 1.3 11 1.6

B. prespensis 2 2 15 1.3 0.6 2

B. haasi 1 1.7 13 11 1 15 13

L. comizo 2.9 3.1 2.8 2.6 3.8 3.2 3.9 21

L. bocagei 2.6 31 2.6 2.4 3.7 3.2 3.8 1.9 0.7

L. microcephalus 2.5 3.2 2.6 2.4 3.4 3 3.5 1.8 1.1 1.1

N/A: value not assessed. Bold values record maximoidhminimum distance values between species.

3.2 Phylogenetic Analyses

3.2.1 Cytochrome b

The phylogenetic trees were built on sequences38bg long using an enlarged dataset in
which sequences available in GenBank have beended| (Appendix IIl). In this dataset
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have been detected 220 polymorphic sites, 173 adhwivere phylogenetically informative.
Phylogenetic relationships of most representatmpearBarbusspecies reconstructed with
MP and ML methods recovered well resolved trees thsplayed no differences in their
topology (fig. 2.3).

Five monophyletic clusters were recognised. Thdeck grouped all species belonging to the
lineage of the fluvio-lacustrine barbelB.(barbus B. plebejusand B. tyberinu$, Italian
species appear to be sisters of the wide distmbgentral Europeaml. barbus A little
incongruence was present in the clusteBofyberinusandB. plebejusIt was ascribable to
two haplotypes oB. tyberinusdownloaded from GenBank (acc. n°: AF274354; AFBE}3
that possessed an insufficient number of chara¢s®#bp instead of 733bp) to generate well
resolved clades (Gante, 2009b). Conversely all Bewyberinushaplotypes detected in this
study (Btybl1l, 20, 21, 22, 23, 24, 25, 26, 27)teved in a well supported clade different to
that of B. plebejusMP analysis, performed excluding sequences oBaek with less of 733
bp, led to well resolved groups, with high valudsbootstrap supporting nodes (data not
shown).

Riverine barbels did not form an unique monophgletioup as the fluvio-lacustrine ones.
They were clustered in four different monophylegooups (B, C, D, E) according to
geographic distribution of the species, in agredrt@Kotlik and Berrebi (2002). The clade B
comprised species from southern France and théeroriberian peninsuld. meridionalis
and B. haasj this latter species is the only one belongingh® genusBarbus inhabiting
Iberian peninsula. In clade C were grouped speafessent to the Danubian districB.
balcanicusandB. carpathicus

The clade D was the most heterogeneous and codtsipecies from Balkan peninsula
inhabiting rivers that drain the Adriatic sea withe exception ofB. strumicaethat is
distributed across the Aegean sea basin from GreeBalgaria. A little incongruence within
this clade was the presence of one haplotypeBofrebeli grouped together tdB.
peloponnessiusT hese two species cannot be easily distinguistphadogically (Markoveet
al., 2010) and thus th&. rebeli haplotypes might be a misclassified specimens of
peloponnesius The clade E comprises all haplotypes Bf caninus No appreciable
divergences were present among the 9 haplotypestddt
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Figure 2. 3 Maximum likelihood phylogeny for cytlafiotypes (tab. 2.4) for all individual sampledat&tical support for clades is expressed as pegenof posterior
probability of 1000 bootstrap replicates and asgmiage of bootstrap support. Blue-green BaityberinusandB. plebejushaplotypes; purple baB. barbushaplotypes; red
bar: B. balcanicushaplotypes; yellow barB. caninushaplotypes. Asterisks showed haplotypes from GekBaith the following acc. num.: AF274354 and AF2%8.
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Successively, the minimum-spanning networks basethe Italian dataset, produced in this
study, confirmed a clear separatiorBofplebejusandB. tyberinus clustering their haplotypes

in two different networks (fig. 2.4). Moreover minum-spanning networks recovered the
presence of a fifth clade confirming the presenicB.darbusas allocthonous species in the
Italian watercourses. Within the cluster of edgka, TCS programm showed a general low

level of divergence.

P6 P9 P10 P11 P14

P5P6 P11 P16 P18

Bpl3

P3 P10 P12 P14 P16 P17 P18

Figure 2. 4 Minimum-spanning network f@arbus spp.cytb haplotypes according to statistical parsimony
criterion. Solid lines between haplotypes represergle mutation step. Haplotypes not detectethéinsamples
are represented by small white circles. Dimensiohgach circle is indicative of the haplotype absel
frequency. Different colours refer to haplotypesiidferent species: bluB. tyberinus greenB. plebejuspurple

B. barbusredB. balcanicusyellow B. caninus. Symbols for locations and haplotype numbers refdig.2.1
and table 2.4.

3.2.2 Nuclear loci

Phylogenetic trees based on ncDNA resulted in scases different from that recovered by
the mtDNA. In general the main feature of nucleanay phylogenies was the presence of
several monophyletic groups. Ghl and Gh2 recordedhidar phylogeny between each other,
and the same was for reconstructions with S7_1Sah@. But differently, phylogenies of the
two genes were not completely congruent. Ghland @Giglogies constructed by MP and
ML were similar.

38



CHAPTER/Iogenetic structure of the Italian barbels

For Ghl, analyses recovered two monophyletic alsstene composed &. barbussamples
and the other comprising the remaintaga However the node of this latter clade had low
bootstrap support (63/64 btp) for both ML and MRalgses (fig. 2.5). For Gh2, the two
reconstructions, conversely, recovered the mon@picybrigin of all species analyzed (fig.
2.6).

Focusing at the species level, in Ghltaa had clades with well supported bootstrap values
with the exception oB. balcanicus(54/53 btp). In this cluster was present also kelea
recovered fronB. plebejussamples. This allele was a rare one found in nmypsas with a
frequency lower than 0.05%. A MP tree built withdhis allele recovered a well resolved
clade forB. balcanicugdata not shown). In Gh2 the only clade with lovotstrap values (51
btp) was the one @. barbus

In Gh1B. plebejusandB. tyberinusclade was not resolved with a mix of alleles bglog to
the differenttaxa (fig. 2.5). Gh2, instead, was the only nuclear kaeamble to resolve better
phylogenetic relationships betwe&n plebejusand B. tyberinus clustering alleles of some
populations of the latter species in a differenhojhyletic group (fig. 2.6).

Both markers recoverel. caninusin a unique monophyletic group, within which wast n
possible to evidence any genetic or geographicttre, despite the high number of alleles
detected.

No relationships were recovered betwdgnbalcanicusand B. carpathicus and B. haasi

formed a monophyletic group as well.
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Alleles network reconstructed evidenced similartggat of ML and MP analyses. The
principal point of conflict was the monophyly &. caninusclade that in Ghl network
appeared to be closely related to tBe tyberinusand B. plebejus clade. Conversely
phylogenetic reconstruction, networks seemed toneéebetter the differences amorg)
plebejusandB. tyberinusalleles (fig. 2.7). In Gh2 network some uncertamivere present in
defining relationships amor. barbus B. plebejusandB. tyberinug(fig. 2.8). It was evident
that in the two reconstructions the high numbeBofcaninusalleles generated a tangled

reticulation due to conflicting phylogenies (fig72fig. 2.8).

BMICR4

BBOCAZ

Figure 2. 7 Gene genealogies for Gh1l alleles. Csloefer to alleles recovered in different specietiow B.
caninus; greenB. plebejus blue B. tyberinus purple B. barbus orangeB. haasj dark greerB. carpathicus
white outgroup species. Dimensions of each cilimdicative of the alleles absolute frequency.vDedlipses
refer to the different clades found with ML and Mifalyses in fig. 2.5.
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B. balcanicus

B. barbus

B. caninus ¢

Figure 2. 8 Gene genealogies for Gh2 alleles. Csloefer to alleles recovered in different specietiow B.
caninus; greenB. plebejus blue B. tyberinus purple B. barbus orangeB. haasj dark greerB. carpathicus
white outgroup species. Dimensions of each cilimdicative of the alleles absolute frequency.vDedlipses
refer to the different clades found with ML and Mialyses in fig. 2.6.

Phylogenetic reconstructions amoigarbus species with S7 genes highlighted a more
complex pattern than those of Gh genes. In S7_1San@ topologies constructed by MP and
ML were similar. As in Gh genes, S7_1 recoveredoainall species as monophyletic groups
all showing high bootstrap values. In the cladeBofplebejuswas present an additional
cluster, with quite good bootstrap values, thabveced some alleles &:. tyberinus but in
general few differences were present (fig. 2.9). STecovered the presence of three
monophyletic groups: one composed Bxf caninus the second oB. haasiand the third
composed of the remaining species. However thiclaster was less supported (fig. 2.10). A
second feature in S7_2 was the presence of théfenahtiated collection oB. plebejusand

B. tyberinusalleles with no evidence of monophyly (fig. 2.10).

The main difference with Gh genes was the preseinc&7_1, of a monophyletic group
composed oB. barbus B. balcanicusandB. prespensiseven if with not very high bootstrap
values (fig. 2.9).B. barbusclustered together witlB. prespensisalso in S7_2, buB.

balcanicusformed, withB. carpathicus a different monophyletic group, supported by high
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bootstrap values, as found for the cytb reconstmdffig. 2.10).B. haasicontinued to be a

monophyletidaxavery different from the other species in both gefiig. 2.9; 2.10).
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Figure 2. 9 Maximum likelihood phylogeny of S7_1 &l individual sampled. Statistical support fétades is expressed as percentage of posterioriplitpaf 1000 bootstrap

replicates and as percentage of bootstrap sugplot-green barB. tyberinusandB. plebejusclade; purple baB. barbusclade; red barB. balcanicusclade; yellow barB.
caninusclade.

45



—— 1 la ]
——1 2b
1 6a
1 8a .
99/99 2 7a B. caninus
——24_1b
———4.8b
F——8_12a
—————B. haasi terdaa o
fl_la i
100/100 _Eﬂm‘_‘ﬂ_i I B. balcanicus
99/99 60/60 f1.5b
—— K_248_B. carpathicus
K_249_B. carpathicus
3 2a
3_10b
9_8a
9_10b
1Cb
3Cb
3Ca
Aln4b B. plebejus-B. tyberinus
Aln%b
Aln10a
— Top27b
11sgb
6vib
61/70 6s0b
cerfl9a
ml:[?_llaﬂa_& barbus |:| B. barbus
cerf7a
85/87
K_551_B. prespensis
ﬂ K_552_B. prespensis
1Ca
—Eﬂ:_s. barbus B. barbus
53/60 ! cerfra
L. bocagei
{ L. comizo
—— L. microcephalus 0.005
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The network reconstructions described in genemlstime relationships of the trees. In S7_1
network, the monophyletic assemblagdBobarbusB. balcanicusandB. prespensisvas less
marked; S7_2 network retrieved a close relationsimmngB. barbus B. tyberinusand B.
plebejus showing similar relationships as for the cytly.(2.12). Differences were recovered
for B. tyberinusandB. plebejusalleles in both network®&. caninusandB. haasigroups were
as usual well differentiated from the other spe¢igs 2.11; fig. 2.12). Relation betweéh
carpathicusandB. balcanicusand those betwedB. barbusandB. prespensisvere retained

in S7_2 network (fig. 2.12).

B. barbus

Figure 2. 11 Gene genealogies for S7_1 allelesoueslrefer to alleles recovered in different spegellowB.
caninus; greenB. plebejus blue B. tyberinus purple B. barbus orangeB. haasj dark greerB. carpathicus
white outgroup species. Dimensions of each cilimdicative of the alleles absolute frequency.vDedlipses
refer to the different clades found with ML and Mifalyses in fig. 2.9.
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HIdas

EVFB

BHAASA

B. caninus

Figure 2. 12 Gene genealogies for S7_2 allelesoueslrefer to alleles recovered in different spegellowB.
caninus; greenB. plebejus blue B. tyberinus purple B. barbus orangeB. haasj dark greerB. carpathicus
white outgroup species. Dimensions of each cilimdicative of the alleles absolute frequency.vDedlipses
refer to the different clades found with ML and Mifalyses in fig. 2.10.

3.3 Population differentiation and relationshipsoag populations

More than one population displayed the presencéapiotypes and alleles belonging to
different species, suggesting likely the presenténtnogressed genomes or misclassified
individuals.

Concerning mtDNA, surprisingly in one specimen Bf caninusfrom the Brenta River
(pop.6), belonging to the PV district, an haplotydeB. tyberinuswas identified (tab. 2.8).
Moreover three populations &. tyberinusrecorded, in total, 18 specimens carrying three
different haplotypes oB. plebejus Strong was also the presence of haplotypes beigrig

the allochthonous specid®. barbus among the total of 264 specimens, 34 displayed
haplotypes ascribable to this latter species. Taleshows the distribution of the detected
haplotypes across sampling localities.

All samples from the Brenta River basin, ascribabltheB. caninusspecies, carried its most
frequent haplotype found in the westernmost tribesaof the Po River (Bcl).
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B. caninus B. tyberinusand B. plebejuswere characterized by abundant and widespread
haplotypes distributed in many of the sampled veatarses: Bcl relative frequency 60%
present in allB. caninuspopulations; Btyb20 and Btyb22 total relative fieqcy >30%
presents in six population; Bpl3 relative frequenti®o present in allB. plebejus
populations. Many others haplotypes were similatheomost distributed ones, but present in
single copies. This pattern is typical for widestspecies originated from a small number of
founding specimens (Avise, 2000), as showed by“sh@ phylogeny” of the minimum-
spanning network in figure 2.4.

Conversely, B. balcanicusshowed two haplotypes each one characterizing fiereint
population (tab. 2.8). These two haplotypes wergeqdifferent each other, since they
differed by 3 mutational step (fig. 2.4). This was important different, since the sampled
populations oB. balcanicusvere separated by just few kilometres. This digaog could be
related with the hypothesis of bottleneck which yapon 8 underwent according to the

significant value of the Tajima’s D test (Appendlix
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Table 2. 8 Haplotypes distribution across samptggufations.

Ichthyogeographi
Population/Haplotype Bcl Bc2 Bc3 Bc4 Bc5 Bc6 Bc7 Bc8 Bc9 BHbll Bpl2 Bpl3 Bpl4 Bball5 Bballé Bbl7 Bbl8 Bpl9 Btyb20 MRty Btyb22 Btyb23 Btyb24 Btyb25 Btyb26 Btyb27 Total Districtc
1 10 4 1 15
2 7 3 1 3 1 15
3 15 15 30
4 9 1 1 11
5 15 2 17 PV
6 5 10 1 1 14
7 20 20
8 1 14 15
9 10 5 1 2 1 19
10 1 1 4 2 8
11 2 2 9 13
12 1 2 2 10 2 2 1 20 TL
13 3 1 2 6
14 2 2 1 1 6
15 16 1 1 1 19
16 1 8 9
17 13 15 PV
18 5 1 4 12
Total 61 1 1 4 1 3 1 3 1 32 7 7 56 1 18 1 21 1 1 2 2 1 264

BC: B. caninusBp: B. plebejusBbal: B. balcanicusBb: B. barbus Btyb: B. tyberinus Number of populations refer to Table 2.1. PV:d&a@Venetian; TL: Tuscano-Latium.
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For ncDNA, population differentiation analysis wasried out with Bayesian cluster analysis
performed by STRUCTURE. The program indicated tha@ most likely number of

genetically differentiated groups in the entireads¢t wa¥= 4 and the two statistics used to
infer the number of clusters, LnP(D) an& (fig. 13), were consistent for this result (fig.

2.14).
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Figure 2. 13 Estimate afK for each possible value Kfusing data obtained from STRUCTURE.

Groups identified with nuclear data correspond the 4 taxa studied. Conversely
phylogenetic analyses, but in agreement with mtDiAults, the Bayesian clustering of
ncDNA alleles supported a strong differentiationoagB. plebejusandB. tyberinus even if

alleles of the formetaxaware present in the cluster®f tyberinugtab. 2.9).
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Figure 2. 14 STRUCTURE analysis of Birbus sppsamples for the population assignment t€s#dj of using
all four nuclear loci. Each individuals is represehby a vertical line; different colours referassignment to

different groups.
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Table 2. 9 Average population inferred ances@yfor K=4 calculated by STRUCTURE across 10 iterations.
Population/ Species n° B. caninus B. tyberinuB. balcaninu B. plebejus Specimens

SangoneB. can 1 0.987 0.004 0.004 0.004 15
TanaroB. can 2 0.988 0.004 0.004 0.004 15
CerondaB. can 3 0.637 0.005 0.004 0.354 30
PoB. can 4 0.987 0.004 0.004 0.005 11
LemmeB. can 5 0.892 0.005 0.004 0.099 17
CismonB. can 6 0.356 0.62 0.004 0.02 14
PiumizzaB. balc 7 0.004 0.007 0.985 0.004 20
GroinaB. balc 8 0.004 0.004 0.988 0.004 15
Paglia/B. tyb 9 0.004 0.988 0.004 0.004 19
Topino/B. tyb 10 0.004 0.86 0.004 0.132 8
Tyber/B. tyb 11 0.004 0.981 0.004 0.011 13
Chiascio/B. tyb 12 0.004 0.833 0.004 0.159 20
Lama/B. tyb 13 0.004 0.903 0.004 0.089 6
SoaraB. tyb 14 0.005 0.862 0.004 0.129 6
Cerfone/B. tyb 15 0.004 0.967 0.004 0.024 19
Po/B. pleb 16 0.004 0.005 0.004 0.987 9
Maira/B. pleb 17 0.038 0.004 0.004 0.954 15
TerdoppioB. pleb 18 0.007 0.017 0.006 0.97 12

B. can: B. caninus; B. balc: B. balcanicus; B. t§:tyberinus; B. pleb: B. plebejus’= number assigned to
each population; Specimens= total number of indigigl per each population.

At the same time the plot of STRUCTURE shows thesence of shared alleles betwé&en
plebejusand two populations d. caninus but this topic will be treated in detail in thext
chapter of this dissertation.

Clustering analysis confirmed also the presencgyoifpatric specimens &. caninusandB.
tyberinusin the population n°6 (tab. 2.9; fig. 2.14) sandpla the Brenta River basin, as
already retrieved from mtDNA.
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4 Discussion

The phylogenetic history revealed by a single loouight not reflect the true species
phylogeny (Moyeret al, 2009), for this reason evolutionary relationshapsong the Italian
Barbus species were reconstructed using both mitochondaiad nuclear genome.
Mitochondrial and nuclear data recovered well restltrees at the species level (except for
B. plebejusand B. tyberinuy, adding molecular evidences to the current systiem
classification oBarbusspecies. However these ncDNA data revealed alsaspof conflict
with cytb results concerning phylogenetic relatlips among fluvio-lacustrine barbels and
those betweeB. balcanicusandB. carpathicugfig. 2.3; fig. 2.5; fig. 2.6). Using Gh and S7
nuclear genes, similar incongruence in phylogenetonstructions were recovered also by
Moyer et al. (2009) for fishes of the genudybognatus These topological disagreements
prevented from estimating relationships by a folinbined nuclear and mitochondrial dataset
and could be due to a complex species historiescedd@r it appeared that the extant
molecular information available for the genB8srbus might not be sufficient to draw
definitive conclusions about its molecular phylogeat least with respect to some of its
species.

Many potential problems could arise when estimatpig/logenetic relationships from
multiple markers, and several discrepancies betwlaém inferred from mtDNA and ncDNA
were reported for many organisms, e.g. Sota andlevd@001), Shan and Gras (2010),
Palandaciet al. (in press) and many others (Palurebil, 2001). In such cases the support
of morpho-cladistic analyses could be useful teriptet disaccording results (Pinkb al,
2008).

At the moment it was not possible to exclude thatlear loci used might no be suitable
markers for European barbels as well.

The following discussions will be carried on usingormation derived from previous
morphological and molecular studies and the congrudgormation shared by the different

markers.

4.1 ltalian barbels phylogeny

This work was the first attempt to study in detailjth an extended sampling, the
phylogenetic relationships amoBgrbusspecies inhabiting Italian peninsula.
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MtDNA analyses showed that most of specimens pesddsaplotypes concordant with their
morphological traits; some discordances arose #&jlgian zone of contact, regardinB.
caninus and B. plebejus in agreement with Tsigenopoulat al. (2002), and areas of
sympatry with respect t8. plebejus B. barbusand B. tyberinus(tab. 2.8). This was not
surprising for both the high morphological plasiiaf Barbusspecies (Doadriet al, 2002)
and because maternally cytoplasmic genomes easiBs grough species boundaries.
Therefore attention must be applied when using DN delimiting species (Chan and
Levin, 2005; see Chapter 3).

Concerning lItalian species, both dataset suggestedophyly of B. caninus less clear,
instead, were the origin dB. balcanicusand relationships betweds. plebejusand B.
tyberinus any comparison was not possible for the nucledaset, because the only data
available in literature were principally referrexdthe Iberian barbels (Gante 2009b).

General phylogenetic relationships retrieved fromn &hd MP analyses of 733bp of the cytb
were concordant with previous studies (Tsigenopmoalod Berrebi, 2000; Tsigenopouleis
al., 2002). But in this work, because the higher nundfgopulations, samples (N=264) and
characters analysed, resulting trees were betetved (fig. 2.3).

With respect to Italian barbels, the major pointcofiflict among different authors were the
relationships between fluvio-lacustrine speciesuithors as Bianco (1995a) and Lorenzztni
al. (2006) considered. tyberinus on the base of the morphological characters, @dgo
species, some others (Tortonese, 1970; Gandbll, 1991; Zerunian, 2002) asserted that
Centro-ltalian populations of barbels are congtituby B. plebejus Tsigenopoulost al.
(2002) attempted to clarified the taxonomic stabfisthesetaxa using both nuclear and
mitochondrial markers (allozyme mobility and cydgeences), but also for these authors was
impossible to drawn any definitive conclusion. @e tontrary, results presented in this work
pointed out interesting differences.

All haplotypes and alleles oB. tyberinusand B. plebejusdetected in this study were
genetically very close to each others (tab. 2.8) Being their genetic distances the lowest
found among different species analysed and in scase this distance was even less than
0.2%. Nevertheless, the phylogenetic hypothesisvered in the present work identified two
different lineages foB. plebejusandB. tyberinus

The cytb gene tree presented a clear spilt betweese twotaxa supported by diagnostic
haplotypes. Incongruence found in figure 2.3 weue do the presence d@. tyberinus
sequences (acc. num. AF274354; AF274355) that pssdean insufficient number of

characters.
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The inclusion of nuclear gene data allowed to thst validity of the two mitochondrial
lineages identified. Three of four nuclear geneegdogies failed to detect distinct lineages.
Alleles of the twotaxa clustered in a single big group where it was ingfiae to detect any
structure within it (Pinhcet al, 2008). At the same time, networks, even if witletter
resolution, did not retrieve a clear subdivisiord anany alleles were shared betwdgn
plebejusandB. tyberinus This discordance could suggest that cytb and d&fibedtaxathat
didn’t correspond to true evolutionary entitieg(f2.5; 2.9; 2.10) and that this differentiation
was the result of stochastic effects acting onghe® markers. Indeed it was demonstrated
that quite deep phylogeographic breaks in a sigglee genealogies might appear in absence
of historical barriers to gene flow (Ballaed al., 2002; Irwin, 2002).

However, there was a remarkable congruence betweits defined based on cytb and Gh2
and those observed by morphological analyses aadrgphic distribution (Bianco, 1995a).
Moreover, Bayesian cluster analysis, that tookcecoant all the information carried from all
nuclear markers, was able to discriminate a sh#fereihces betwee. plebejusand B.
tyberinus

Monophyly or exclusivity at majority of nuclear genwas not necessarily a reasonable
assumption in recent and/or rapidly radiating lges (Gambleet al, 2008). Lacking of
resolution of the single nuclear marker could be ttuincomplete lineage sorting of ancestral
polymorphism. This is a likely scenario becauselearcgenes take on average four-times as
much time to reach monophyly than mtDNA (Gamétieal, 2008; Phincet al. 2008; Gante,
2009b; Markovaet al, 2010). Moreover gene flow betwedaxa could influence the
undifferentiated pattern shown in nuclear markerd Bayesian cluster analysis highlighted
the presence, in some specimens, of admixed genohi&splebejusandB. tyberinus(see
Chapter 3).

4.2 Hybrid origin ofB. tyberinus

From the results any evidence of an hybrid origiB otyberinusvas not found. According to
Salzburgeret al. (2002), hybrids species should show a mixtureaséptal genome both in
nuclear and mitochondrial markers. B tyberinus specimens (N=92) either both the
phylogenetic inferences and Bayesian cluster aisatymwed a mixture d. caninusandB.
plebejusgenome, that according to Bianco (1995a) shouldheeparental species @&.
tyberinus
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4.3 Biographic scenario for Italian barbels

All molecular markers showed a deep divergence éetvthe small-sized barbel species from
the Po and Brenta River basir. (caninu$ and those of the Isonzo Rives.(balcanicuy
(tab. 2.6, 2.7). Nuclear markers revealed thatethggecies didn't share any ancestral
polymorphism (figs. 2.5; 2.6; 2.9; 2.10), thus as#g that ncDNA evolved slower than
MtDNA, divergence amongs. caninusand B. balcanicusshould be older than the one
betweerB. tyberinusandB. plebejus Rheophilic barbels formed two different monopligle
groups, confirming the existence of significant letionary divergence between the two
lineages. The high genetic distance betwBemaninusandB. balcanicuswas comparable
with the data published foFelestegKetmaieret al, 2004; Salzburgeet al, 2003), which
dated the split among theelestedineages in correspondence of the Messinian salamnisis
occurred 5 Myra.

B. balcanicusis a widespread species afferent to the Danulwhthyogeographic district.
MtDNA showed that population from the Isonzo Rwmere very close to population of rivers
draining in the Danube basin (fig. 2.3; Appendix).IVResults, in according with
Tsigenopouloset al (2002), were consistent for the hypothesis oé@ent dispersion from
Danubian district to the South. Therefore the preseof B. balcanicusin the Italian
peninsula was a clear evidence that eastern paritabdn peninsula in recent time
(Quaternary) was an exchanging zone among PV iolggnygraphic district and the Danubian
one. Past connections, but with an opposite geme ift this area, were also documented in
Danubian populations of bullhead that recovereddtgpes belonging the Adriatic basin
(Sletchtovaet al, 2004). Similar results were also retrieved fbelestesas well, by
Salzburgeret al. (2003). But the presence of Danubigelesteshaplotypes in the Adriatic
basin could be easily explained by human transioest Italian vairone, indeed, is frequently
used as “live bait” by Slovenian anglers, stocksheke baits are often taken in river draining
the Danube basin, therefore the release of baits/@ns draining the Isonzo basin its very
likely (Weiss 2002; SusSnikt al. 2001; Moro, pers. comm.). The presenc® obalcanicusn
the Adriatic basin highlighted the permeability af important geographic barrier as the
Alpine chain. It reasonable to suppose that comexbetween the two side of the Alps were
favoured by the peculiar geological characteristtghis Alpine sector, that is composed
principally by calcareous stones (Semeraro, 20B@)ers in karstic region undergo easily
changing their flowing direction (Semeraro, 200@his could allow that different
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watercourses of different regions went in contalowing the dispersion of species in new
territories.

According to Bianco (1989), the present distribntaf freshwater fishes in southern Europe
was greatly influenced by geological and hydrolagievents in the Pleistocene and
Holocene. In particular the drop of sea level ahe subsequent extension of freshwater
networks at the glacial maxima allowed a local displ via river confluence of freshwater
organisms. As previously discussed, the level afege differentiation between the fluvio-
lacustrine specieB. plebejusandB. tyberinuswas relatively shallow (no more than 1.2%);
this value was lower than the average level ofrdwace found among of the otHgarbus
species included in this study. Results were, hewesomparable with those obtained by
Ketmaieret al, (2009) and Kotliket al, (2004) among taxonomically distinct lineage of
Alburnus and Barbus respectively, of recent origin (Middle to LateeBtocene). It was
possible to suppose that divergence between tixesBdrbustaxa started in this period with
isolation processes of the PV and TL ichthyogeplgiadistricts supported by restricted gene
flow. It was possible that colonization events a&ffdy B. plebejugpopulations took place also
after the separation of tii® tyberinudineage. In fact mitochondrial and nuclear datavsd
introgression oB. plebejushaplotypes irB. tyberinuspopulations (fig. 2.3; 2.14). To really
support this hypothesis a more extended samplingldtbe necessary. From the data it was
no possible to exclude that this introgression wen-mediated. Identical haplotypes and
alleles ofB. plebejuswvere found in wide geographical range from Nortestto North-East
of Italy, documenting recent connection within thg@®pulations. Indeed it was proposed that
the fluvio-lacustrine species could rapidly disgevg river confluence during the lowering of
the sea level (Tsigenopouletal, 2002).

The high number of haplotypes and alleles foun®.ityberinus moreover, could reflect a
rapid expansion of its populations in a recent timdata confirmed by the general high
haplotypes diversity and the low level of nucleetdlversity (tab. 2.5) (Zaccaet al, 2007).
The strong presence Bf tyberinusgenome in thé®. caninuspopulation of the Brenta River
basin remained somewhat elusive. Two hypotheselsl dmiproposed: the first one which
proposes the easiest scenario, is an anthropitsfé@nation, but this is also very improbable.
Barbus species translocations are known just for the iexspecies asB. barbus no
information were available to confirB. tyberinusmoving in PV district. The second
scenario regards past and documented connectidngedie TL and PV district along the
Apennine ridge (Cattutet al, 1988). These limited events of river captureshwians-

Apennine connections could have favoured the dssperof populations oB. tyberinusin
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the PV district as documented foelestes muticellugviarchettoet al., 2010) and the genus
AustropotamobiugFratini et al, 2005). In this case seems very unlikely thatoalyb up
today, recorded the presence Bf tyberinusin the PV district. However due to the
intermediate morphology dB. tyberinusand the lacking of an extended genetic study of
Italian Barbuspopulations, this last hypothesis could not bdusied.

The high number of haplotype (h=9), with their tgli“star phylogeny” (fig. 2.4), and alleles
found in a restricted area (the western part ofRbeRiver basin) led to suppose, also in this
case, a recent and rapid expansioB.odaninusalong side the courses of Po River tributaries,
probably due to the habitat changes which took epldaring the last glaciation. The
hypothesis that habitat changed up or down aloagctiurses of the rivers during glaciation
cycles was supported also for grayling (Surilal., 2001), bullhead (Slechtow al., 2004)
and Italian vairone (Zaccaret al, 2007), all species that shared wiBh caninussimilar
ecologies. Moreover the existence of shared hgpdstyand alleles between very distant
populations, e.g. haplotype Bcl in localities 1,32,4, 5, 6 suggested a relatively recent
connection between Po and Brenta Rivers, that dhegresenting the eastern limit Bf
caninusdistribution areal (Kottelat and Freyhof, 2007; fdgers. comm.). The estuaries of
Po and Brenta River are distant at the preseniesed, which makes it impossible fd3.
caninusto cross these distances through the open seaeWowsea level was considerably
lower during glacial maxima. For the last glaciaxmum, between 22,000 and 19,000 years
ago, sea level was about 120 m lower than todakdgyamaet al., 2000). Such a lowstand
associated with changes in the course of rivers mogsibly their confluence might have
permitted exchanges between river systems and é#xpdain the observed haplotype
distribution in the southern populations Bf caninus Another explanation for postglacial
contact could be the exchanges of individuals edgtacial rivers or proglacial lakes during
deglaciation (Salzburgest al, 2003). A human-induced faunal translocation sedmghly
unlikely, given the large distances between popariat with shared haplotypes, the low
economic interest of this species, and the relativity of B. caninus

Banarescu (1998) and Tsigenopoudsal. (2002) proposed that rheophilic species, living
upstream, might not easily disperse via the lowart @f the basin. The low ability of
rheophilic species to disperse through the plaianopart of the rivers in the presence of
large-sized fluvio-lacustrine species would isoltétese populations in their mountainous
biotope in each respective tributary (or groupriddfutaries). Found evidences supported that
not only fluvio-lacustrine species, Bs plebejus could efficiently disperse during glaciation
(Tsigenopoulo®t al, 2002), but this is possible for riverine spedes
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CHAPTER 3

Population genetic diversity in Barbus caninus and
Barbus tyberinus: ecological preferencesor

hybridization events?
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1. Introduction

Understanding how ecological traits of the speaesid affect genetic variability and
population genetic structure is an important isgudhe field of molecular ecology and
biological conservation. It is well know that fore$hwater fishes physical barriers are
important factors limiting the gene flow and promgtpopulations subdivision (De Woody
and Avise, 2000; Youngsoet al, 2003). On the other hand it was not well esshleld if
ecological characteristics in freshwater fishes ldomodulate gene flow and thus their
population genetic structure (Hanfling and Brad®98; Blancheet al, 2010).

Trying to answer to this question a comparativeytetion genetic structures of two endemic
Italian barbelsBarbus caninusindBarbus tyberinushas been carried out in this thesis. This
species are good candidate for this purpose sirgeshare many characteristics: i) belong to
the same genus, ii) inhabit the same biogeograbptag#on, iii) have limited distribution, iv)
have the same feeding, behavioural and reproduttalEts (Zerunian, 2002). The main
differences regard the body size and the diffeematiogical preferences. In faBt caninus
belongs to the ecological group of the small-siziwdrine barbels (total length < 20 cm)
(Tsigenopouloset al, 1999). It is moderately cold-water adapted ogegrin mountain
streams, autochthonous specie of the Padano-Ven@&ld) district (see Chapter 1). In the
past was very common, nowadafss, caninus has a severely fragmented distribution with
just 20-25 reproductive populations in tributarafsthe Po River drainage (Bianco 2003a;
Salviatiet al 2004). Although there is an ecological sepanatiothe hill zones of riverB.
caninuscould live in sympatry with its congenef: plebejugsee Chapterl) creating zones
of contact where it possible to find several basbeth intermediate phenotype (Betti, 1993)
suggesting that hybridization events might occuwken these species.

Barbus tyberinudelongs, instead, to the ecological group of tingelasized fluvio-lacustrine
barbels (total length > 50 cm). It prefers widentaivers, with regular current. It is one of the
most widespread autochthonous species of the Todcaium (TL) district (see Chapter 1)
and it colonises with continuity the middle parttbé principal watercourses. Until some
years agd. tyberinus was the only barbel species present in the Ttridisbut nowadays,
due to the translocation of fish stocks, lives ympatry with the allochthonouB. barbus
(Bianco, 2001). As previously reported fBr caninus also in this case several specimens
with intermediate phenotype were found in riverserenthese species are known to live in
sympatry (Lorenzoret al, 2006).
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1.1Aims

The aims of this study is to depict and to compgenaetic structure oB. caninusand B.
tyberinuspopulations in the light of their different ecoicgl traits. Moreover it is tested the
hypothesis that hybridization events could occuwben sympatric barbel species and if the
presence of hybrids specimens could influence @bjoul structure of these fishes.

The information presented in this Chapter are prstiminary explanation on the role that
ecology of the species could have in shaping timetge structure of populations. In order to
have a robust validation of this hypothesis a nutatailed study should be necessary.
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2. Materials and methods

2.1 Sampling

Six populations oB. caninus(N=93), seven oB. tyberinus(N=91) and three oB. plebejus
(N=36) were collected by electrofishing acrossPaelano-Venetian and the Tuscano-Latium
ichthyogeographic districts. After the identificatia fin clip was sampled and stored in 100%
ethanol; after that fishes were immediately reldgfig. 3.1 tab. 3.1; see also Chapter 2).

Figure 3.1 Map of northern and central Italy shayihe main river system, the ichthyogeographicaidistand
the sampling sites. PV: Padano-Venetian ichthyoggage district; TL: Tuscano-Latium ichthyogeograph
district.
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Table 3.1 Sampling location Bfarbus spppopulations analysed in this study

Main river  Ichthyogeographic N° of

Population  Localities River basin district specimens  Species
1 Trana Sangone Po river PV 15 B. caninus
2 Priola Tanaro Po river PV 15 B. caninus
3 Varisella Ceronda Po river PV 30 B.caninus
4 Sanfront Po Po river PV 11 B. caninus
5 Voltaggio Lemme Po river PV 17 B.caninus
6 Fonzaso Cismon  Brenta river PV 5 B. caninus
9 Albergo la Nona Paglia Paglia river TL 21  B.tyberinus
10 Scanzano Topino  Tyber river TL 8 B. tyberinus
11 San Giustino Vertola  Tyber river TL 13 B. tyberinus
12 Valfabbrica  Chaiscio  Tyber river TL 20 B. tyberinus
13 Passano Lama Tyber river TL 6 B. tyberinus
14 Soara Soara Tyber river TL 8 B. tyberinus
15 Lupo Cerfone  Tyber river TL 20 B. tyberinus
16 Carde Po Po river PV 9 B. plebejus
17 Savigliano Maira Po river PV 15 B. plebejus
18 Novara Terdoppio Ticino river PV 12 B. plebejus
NA NA NA Danube river D 3 B. barbus

Population number, locality, river, drainage syst@hthyogeographic district, number of specimepgcies.
NA: not available; PV: Padano-Venetian; TL: Tuscématium; D: Danubian

2.2 DNA extraction, amplification of nuclear loaicalleles scoring

Total genomic DNA was extracted in laboratory usingroteinase K digestion followed by
sodium chloride extraction and ethanol precipitat{@ljanabi and Martinez, 1997). Then
genetic variation was assayed in all the above latipus using SNPs at 4 nuclear loci.
Details of PCR conditions and references for al &re given in Chapter 2 (fig. 2.2; tab. 2.2;
tab. 2.3).

Each unique allele was identified using the NRDBgoam (written by Warren Gish,
Washington University, unpublished data) availalle http://pubmist.org Due to the
complexity of the total nuclear data set and thghHhevels of polymorphism of nuclear

sequences, | verified the reliability of resultstaobed with NRDB also using the program
MacClade v.4.03 (Maddison and Maddison, 2002); flgefo start the analysis data set was
subdivided in smaller data set as recommended ibshBrd and Wen (2002) (see Chapter 2

for details).
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2.3 Data analysis

The software MSA (Dieringer and Schlbtterer, 2008)s used to determine mean allele
number (Na), observed heterozygosity (Ho), expebttdrozygosity (He) and the Shannon
index (I) within the analyzed populations.

Genepop version 3.2a (Rousset, 2008) was emplayesstimate deviations from Hardy-
Weinberg Equilibrium (HWE) across populations (withoci) and across loci (within
populations) using the probability test, with 1@0@ememorization steps, 100 batches and
5,000 iterations per batch based on the approa@uioyand Thompson (1992).

Computation of pairwise multilocus ¢Fvalues (Weir, 1996) among populations was
performed using the software Genetix v. 4.02 (Belieth al, 2001) with 1,000 permutation
and an allowed level of missing data of 0.05. Ge&net 4.02 was also used to infer, by
Mantel test, the significance of the relationstbpsween geographical distance advilues
for all pair of populations.

Factorial Correspondence Analysis (FCA) (Benzd®73), which displays the genetic
similarity among samples in a three-dimensionapgi@al space and an assessment of the
genetic variability in each population was perfodnusing the software Genetix v. 4.02
(Belkhir et al, 2001).

STRUCTURE version 2.2 (Pritcharet al,. 2000) was used to determine the population
structure, to identify migrant and admixed indivadl by Bayesian clustering analysis. To
asses reliability of solutions, 10 iterations wana for eaclK tested. Each run was made of
20,000 MCMC (Markov Chain Monte Carlo) generatiass burn-in, followed by 50,000
MCMC replicates to estimate the posterior sampHriution, using the admixture and
correlated allele frequency models. The most likelle K was evaluated both by “L(K)”
method, suggested by Evaneal. (2005) and by the InPr(X|K) suggested by Pritcletrdl.
(2000), varyingK from a minimum of 1 to a maximum of 10.

Analysis of the molecular variance (AMOVA), perfaech by GENALEX (Peakall and
Smouse, 2006), was used to examine hierarchicalitipaing of genetic variation.
Differentiation was examined among individuals, amgopulations and among groups of
populations.

The number of segregating sites of each populatascalculated by DNA DnaSP, version 5
(Librado and Rozas, 2009).
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3. Reaults

3.1B. caninus

Within populations the lowest mean number of aigler locus (2.50) was observed in the
Brenta River (pop.6) and the highest (12.75) ino@da River (pop.3) (tab. 3.2). Observed
heterozigosity was higher than 0.50 for each samgpdites. In general differences between
total expected and observed heterozigosity resujtet limited, ranging from -0.144 up to
0.166. Population 3 recovered the highest valuel@f(0.749) and population 6 the lowest
(0.588) (tab. 3.2).

Table 3.2 Estimates of genetic diversity in thepmpulations ofB. caninusacross four loci

Pop N Na Ne I Ho He He mean - HoO mean
Popl 14.750 9.250 6.257 1.872 0.630 0.796 0.166

Pop2 15.000 9.250 6.894 1.830 0.700 0.768 0.068

Pop3 29.750 12.750 6.465 2.032 0.749 0.810 0.061

Pop4 10.750  8.000 5.743 1.639 0.659 0.697 0.038
Pop5 16.750  7.750 4.689 1.679 0.601 0.758 0.156
Pop6 4.750 2.500 2.058 0.734 0.588 0.444 -0.144

N: mean number of samples at each population; Mannmumber of alleles per population; Ne: mean reurab
alleles effective per population; I: Shannon inddg; observed heterozigosity; He: expected hetgomity.

A global test conducted for all loci and for eaapplation showed no significant deviations
from Hardy-Weinberg equilibrium. On the other hahthrdy-Weinberg tests conducted by
single locus showed significant deviations. Locis Brecovered significant values in overall
6 populations showing a deficit of heterozygotes;talso S7_1 recorded a significant
deviation from HWE in the pop. 6 (data not shown).

Test for genotypic differentiation among populas@howed significant differences (p<0.05)
in all comparisons with the exception of Trana &mhfront populations (pop.1 and pop.4).
The estimator of population differentiatiog Fanged from 0.026 to 0.293. This test suggested
that at least 5 of the 6 groups analysed repredegeeetically definable populations (tab.
3.3).
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Table 3.3 Estimates of Fst comparisons among ptipataacross all loci

Fst Pop 2 Pop 3 Pop 4 Pop 5 Pop 6
Pop1l 0.044* 0.057* 0.026 0.086* 0.221*
Pop 2 - 0.079* 0.072* 0.092* 0.276*
Pop 3 - 0.056* 0.081* 0.255*
Pop 4 - 0.081* 0.267*
Pop 5 - 0.293*

* Asterisks highlight statistically significant Fealues (p<0.05)

The Mantel test revealed significant correlatior®5) between Jvalues and the logarithm

of the geographic distance. The Mantel test faitedetrieve a significant structuring, due to
geographic distance, when the dataset took in atamnly the populations of the Po River
basin (p>0.05).

FCA analysis allowed to identify four principal gnqos according, in part, to results from F

calculation: indeed it was possible to group sdparall populations with the exception of
Sangone, Trana and Sanfront populations (respécpop. 1, 2, 4) (fig. 3.2). The first 3 axes
explained the 76.07% of the total genetic variatidihe separation among populations

afferent to different river basins was clear; lesgked was the separation among populations
of the Po River basin (fig. 3.2).
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Figure 3.2 Genetic differentiation Bf caninuspopulations based on Factorial CorrespondencgsasdFCA).
Blue ellipses represent different populations ff@dmRiver basin, red ellipse refers to Brenta Rpagulation.
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Bayesian cluster analysis performed by STRUCTUR@icated that the most probable
number of genetic distinct populations was 4, athenFCA analyses, for botkK and the
mean estimated logarithm InPr(X|K) (fig. 3.3). midual assignment at each cluster was

summarized in table 3.4.

Figure 3.3 STRUCTURE analysis of 8 caninussamples for the population assignment t&st4( using all
four nuclear loci. Each individuals is represenbgda vertical line; different colours refer to agsnent to
different groups. Numbers of populations refertatie 3.1.
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Table 3.4 Average population inferred ances@yfor K=4 calculated by STRUCTURE across 10 iterations

Inferred cluster

Population 1 2 3 4 Specimens
0.347 0.038 0.477 0.138 15

0.23 0.021 0.467 0.281 15
0.458 0.477 0.025 0.04 30
0.581 0.02 0.258 0.141 11
0.057 0.119 0.01 0.814 17
0.009 0.006 0.979 0.007 5

Ol WN B

In order to quantify population genetic structurimgthin and among populations the
AMOVA was performed grouping populations accordinghe subpopulations suggested by
STRUCTURE. This analysis revealed that almost &lithe variation in the data 86%
(p<0.001) was due to individuals within populatio@&netic variation among groups was 7%

(p<0.001), among populations within groups 7% (08Q).

3.2B. tyberinus

Population of the Paglia River (pop.9) recovertes lbwest mean number of alleles per locus
(3.75) and the lowest mean-observed heterozigd§it$75); instead population of the

Cerfone stream (pop.15) recovered the highest maarber of alleles per locus (7.25) and
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the highest mean observed heterozigosity (0.728). 3.5). In general differences between
total expected and total observed heterozigosgulted limited, ranging from -0.058 up to
0.211. Hardy-Weinberg tests conducted for all loamsd all populations showed no

significant values (tab. 3.5).

Table 3.5 Estimates of genetic diversity in theesepopulations oB. tyberinusacross four loci

Pop N Na Ne I Ho He He mean - Ho mean
Pop9 18.750 3.750 1.905 0.840 0.414 0.461 0.047
Popl0 8 4.250 2.840 1.116 0.375 0.586 0.211
Popll 13 4.750 2.399 1.081 0.519 0.547 0.028
Popl2 20 6 3.469 1.398 0.663 0.689 0.026
Popl3 20 6 3.469 1.398 0.663 0.689 0.026
Popl4 6 5 4.096 1.401 0.583 0.691 0.108
Popl5 18.250 7.250 4.223 1.608 0.738 0.733 -0.005

N: mean number of samples at each population; Mannmumber of alleles per population; Ne: mean reurab
alleles effective per population; I: Shannon inddg; observed heterozigosity; He: expected hetgomity.

A global test conducted for all loci and for eaabpplation recovered no deviations from
HWE; at single locus, significant deviations werdetted just for locus Ghl in the Topino
River population and for locus S7_2 in the Cerfetream population (data not shown).
Genetic differentiation was modest among all pojpots. The highest and significant
(p<0.05) value was between pop.1 and pop.5 (0tHeSpwest and significant between pop.4
and pop.5 (0.030) (tab. 3.6). Structuring Bn tyberinuspopulations was not due to the
geographic distances. The Mantel test revealedgmifisant correlation (p>0.05) betweel F

values and the logarithm of the geographic distance

Table 3.6 Estimate of Fst comparison among popuatacross all loci

Fst Pop1l0 Popll Popl2 Popl3 Popl4 Popl1l5
Pop9 0.099* 0.028 0.111* 0.156* 0.154* 0.091*
Pop 10 - 0.037 0.035 0.046 0.010 0.038*
Pop 11 - 0.064* 0.081* 0.062* 0.036*
Pop 12 - 0.030 0.029 0.034*
Pop 13 - 0.028 0.046*
Pop 14 - 0.013

* Asterisks highlight statistically significant Fealues (p<0.05)

Due to the low values of genetic differentiationCA- analysis failed to identify clear
differences among populations as retrieved fraprcédculation. Just two clusters could be

identified: one including specimens from the Padliwer (pop.9) and the second, more
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heterogeneous including remaining individuals. Tirst 3 axes explained the 70.49% of the

total genetic variation (fig. 3.4).
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Figure 3.4 Genetic differentiation d8. tyberinuspopulations based on Factorial Correspondenceysigal
(FCA).

Bayesian cluster analysis performed by STRUCTUR@icated that the most probable

number of genetic distinct populations was 2 adogrdo AK and the mean estimated
logarithm InPr(X|K) (fig. 3.5). Individual assignmewere summarized in table 3.7.
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Figure 3.5 STRUCTURE analysis of 8 tyberinussamples for the population assignment t€és2] using all
four nuclear loci. Each individuals is represenbgda vertical line; different colours refer to agshent to

different groups. Numbers of populations refertatie 3.1
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Table 3.7 Average population inferred ances@yfor K=2 calculated by STRUCTURE across 10 iterations

Inferred cluster

Population 1 2 Specimens
9 0.114 0.886 19
10 0.572 0.428 8
11 0.329 0.671 13
12 0.603 0.397 20
13 0.759 0.241 6
14 0.793 0.207 6
15 0.666 0.334 19

In order to quantify population genetic structunmghin and among populations an AMOVA
was performed grouping populations according to thépopulations suggested by
STRUCTURE. Analysis revealed that almost all of ¥theance in the data 92% (p<0.05) was
by individuals within populations. Genetic variare@ong groups was 4% (p<0.05), among
populations within groups 4% (p<0.05).

3.3 Hybridization

The presence of hybrids specimens, that couldaexphe genetic differentiation retrieved
among B. caninuspopulations, was tested performing a Bayesianteluanalysis with
STRUCTURE enlarging the dataset by 36 specimeria glebejuscoming from 3 different
populations (fig. 3.1).

For B. caninusBayesian cluster analysis performed indicated tifatmost probable number
of genetic distinct populations w&s=2 according tAK; and K=4 for the mean estimated
logarithm InPr(X|K).

Figure 3.6 showed a clear admixed genomes in Ip&@lfismens (N=15) of Ceronda River
(pop.3), in two individuals of Lemme population (p8) and in one individual of pop.8(
plebejus.
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Figure 3.6 STRUCTURE analysis of &l caninussamples for the population assignment test udinfpuar
nuclear loci. Each individuals is represented lrical line; different colours refer to assignmemdifferent
groups. A)K=2; B) K=4. Numbers of populations refers to table 3.1

In order to quantify whiclK explained the major percentage of variation an AMOwvas
performed grouping populations according to thepspllations suggested by STRUCTURE:
K=4 explained the major percentage among groups ;(p%%05).

Another FCA performed without samples from the BaeRiver basin and samples with
admixed genome revealed that population8.ofaninuscontinue to show some differences
in their genetic composition even if less sharppficoing the value ofkK=4 found by
InPr(X|K). The first three axes explained the 83634 the total genetic variation (fig. 3.7).
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Figure 3.7 Genetic differentiation Bf caninuspopulations based on Factorial CorrespondencgasdFCA).
From the analysis were deleted hybrids specimens.

The same populations &. plebejusplus 3 samples dB. barbus(used in the phylogenetic
study, see Chapter 2) were used to test if it vessiple to detect admixed individuals also in
B. tyberinus as retrieved forB. caninus Bayesian cluster analysis performed by
STRUCTURE indicated that the most probable numifegemetic distinct populations was
K=2 according t?AK andK=3 according to InPr(X|K). Also in this case InPiX seems to
retrieve the most probable value Kf since dataset was composed of 3 diffetars, and
previous analysis with jud. tyberinussamples retrieved for both InPr(X|K) antK, K=2.

In B. tyberinuspopulations were recorded three distinct genatclpand was evident how
the genome oB. barbuswas introgressed in almost all populations samplady population
from Paglia Rivers seemed too maintain its genategrity (fig. 3.8). The few traces of the
B. plebejusgenome inB. tyberinuspopulation seems due to the retaining of a comamh
shared ancestral polymorphisms betwéaxa (see Chapter 2) rather than hybridization
events. The presence Bf barbusintrogressed genome seemed to be present alsmma s
specimens oB. plebejugfig. 3.8) coming from Terdoppio River, where gnmany years the
Italian barbel and the allochthonous one are kntmalive in sympatry.
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Figure 3.8: STRUCTURE analysis of &l tyberinussamples for the population assignment test udinfigua
nuclear loci. Each individuals is represented lgrical line; different colours refer to assignmemdifferent
groups. A)K=2; B) K=3. Numbers of populations refers to table 3.1

In order to quantify whiclK explained the major percentage of variation an AMOwvas
performed grouping populations according to thepsplilations suggested by STRUCTURE;
K=2 explained the 4% (p< 0.01) of the total variatamdK=3 explained the 21% (p< 0.01).
Number of segregating sites (S) (see Chapter 2Aapendix Il) was another parameter to
estimate the genetic variation within populatior @ould confirm the presence of hybrids
specimens as recovered from STRUCTURE. In fact,ufadpns supposed to be hybrids
showed, in general, a number of polymorphic sitggeenely higher than populations
composed of “pure” specimens. Table 3.8 reportdeangolymorphism across all loci and
populations.
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Table 3.8 Nuclear polymorphism across all loci ppdulations

N Species/Population S
1 B. caninugTrana 27
2 B. caninugPriola 24
3 B. caninugCeronda 73
4 B. caninugPo 27
5 B. caninugLemme 60
6 B. caninu /Brent: 9
9 B. tyberinugPaglia 10

10 B. tyberinugTopino 28
11 B. tyberinugVertola 40
12 B. tyberinugChiascio 40

13 B. tyberinugLama 27
14 B. tyberinugSoara 42
15 B. tyberinugCerfone 70
16 B. plebejugPo 10
17 B. plebejugMaira 63

18 B. plebejugTerdoppio 61

N: number of populations refers to table 3.1; §regating sites
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4. Discussion

In this studyB. caninusshowed high values of genetic variability compéabith other
small cyprinids, agottus gobigp Gobio gobig Anaecypris ispanicand Telestes muticellys
that share, witlB. caninus similar habitat and the same ecological feat(ifzsfling et al,
2002; Salguericet al, 2003; Blanchetet al, 2010; Marchettcet al, 2010, Muenzeét al,
2010). B. tyberinusshowed, instead, a little lower degree of genetciability thanB.
caninus Usually organisms that colonize a large parthef tiver network, asB. tyberinus
are characterized by higher levels of genetic ditig (Hanfling and Brandl, 1998; Hanfling
et al, 2004; Bergek and Bjorklund, 2009). However ttosiclusion did not hold across all
species. For example, low levels of genetic valitstbivere reported also fdBarbus barbus
and Sander luciopercacommon fishes in the European waters (Bjorklatdal, 2007;
Schreiber, 2009).

All comparisons for genetic differentiation ¢JF among B. caninus populations were
statistically significant, with the exception ofga@ and pop.4 (tab. 3.3). Similar values af F
were found forTelestes muticellugopulations sampled in the Po River system (Mdtohet
al., 2010).

Despite the similar values of:fFecovered foB. caninus almost an half of the comparisons
amongB. tyberinuspopulations resulted not significant. Comparal@dties of k, analysing
different populations, within a single river dragea were found forLeuciscus cephalus
(Hanfling and Brandl, 1998) and f@&arbus barbugSchreiber, 2009), ecological vicariant of
B. tyberinusn central European watercourses.

Differentiation amongB. caninuspopulations were recovered also from the FCA plod
from the Bayesian cluster analysis (fig. 3.3); éhddferent methods showed B caninus
clearly, four clusters with distinct genetic feasir By contrast FCA and Bayesian analysis
showed no more of two groups Br tyberinugfig. 3.5).

As found in the previous comparative studiesQuitus gobip Gobio gobioand Leuciscus
cephalus(Hanfling and Brandl, 1998; Blanchet al, 2010), all divergences encountered
betweenB. caninusandB. tyberinuscould be explained with differences in their egudal
characteristics.

In absence of gene flow, stochastic factors witbach population will separate them
genetically in an unpredictable manner by genetift @Bjorklund et al, 2007). It is
reasonable to suppose thHat caninuspopulations, that are strictly bound to the small
mountain brooks habitat (Bianco, 2003a), couldsustain an high gene flow, leading to their
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genetic differentiation. Moreover fragmentation pafpulations might be influenced by the
presence in the lower part of the watercourseshef dympatric species and potential
competitor B. plebejus(Tsigenopouloset al, 2002). The reduction of th8. caninus
populations, due to the habitat alteration (Biaand Delmastro, 2004) might have influenced
the fragmentation as well.

On the other han®. tyberinus distributed along all the Tiber River basin (Garet al,
2006), having the high dispersal ability of thevittlacustrine barbel species (Ovidab al,,
2007; Schreiber, 2009) could lead to genetic homizgon of its populations within of the
Tiber River basin. The same findings were found daother fluvio-lacustrine specieB.:
barbus that showed just a moderate tendency to evolveetgaly distinctive local
populations (Schreiber, 2009). It was also dematestihat in general large-bodies species, as
B. tyberinus are better disperser and therefore less sengaifeagmentation than smaller
one, asB. caninus(Ewer and Didham, 2006; Blanchet al, 2010). The idea, that species
with intermediate dispersal ability were used toalep genetically differentiated populations
than species with higher dispersal ability, wasadly predicted theoretically (Fahrig, 1998)
and empirically demonstrated in a butterfly commyirhomas, 2000).

Genetic differences found among populations mightekplained also by the presence of
hybrid specimens in the samples, because it is knitnat interspecific gene flow increases
genetic diversity (Gante, 2009b). IndeBdrbus species are known for the easiness with
which can hybridise each other, and several studiese conducted about this topic
(Machordomet al,, 1990; Persat and Berrebi, 1990; Crespin andeBert 999; Chenuikt al,
2004; Gante, 2009b; Lajbnet al, 2009). For the Italian barbels just one case ngpsrted
by Tsigenopoulost al (2002), concerning hybridization betwencaninusandB. plebejus
Concerning the nuclear markers used in this statlythe four revealed the existence of
diagnostic alleles that can easily distinguish mpecimens oB. caninusandB. plebejuqsee
Chapter 2). Using altogether information carried muyclear markers it was possible to
evidence the presence of admixed genomes withimichéhls (Gante, 2009b).

Hybridization could occur whetB. caninusand B. plebejus representing two different
ecophenotypes, meet along a transitional habyiaicdlly between upstream and downstream
part of the rivers (Lajbnest al, 2009). This was the case of populations from GaadRiver
(pop.3) and Lemme River (pop.5), that were samped transitory habitat between the
ecological niche oB. plebejusand the one oB. caninus.Analysis recovered in severgl
caninusspecimens (N=17) the presence of admixed genofiges3(6 A and B). Levels of
nucleotide polymorphism could be also informativeowat gene flow between different
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species. Data presented showed that populatiorts prisumable hybrid specimens had a
number of polymorphic sites extremely higher thaaré” populations (tab 3.8). All these
evidences were consistent with ongoing gene flotwéenB. caninusandB. plebejusn their
zone of contact. Analogous findings were found @anté (2009b) analysing Iberian barbels.
Successive analyses, taking into account just Bureaninusspecimens from the Po River
basin, continued to recover genetically distingbydations (fig. 3.7), confirming that hybrids
specimens did not influenced previous analyseseoetir differentiation.

Since a previous morphological study highlightee gossibility of hybridization events
betweenB. tyberinusand the allochthonouB. barbusmight occur (Lorenzoret al, 2006),
the presence of hybrids was also testedBiotyberinusand B. barbus(samples from the
Danube basin, see Chapter 2). As in the cag o&aninusandB. plebejusnuclear loci used

in this study presented diagnostic alleles to miigtish pure specimens Bf tyberinusandB.
barbus(Chapter 2). Therefore, despite the paucitygobarbussamples, findings were well
supported. Analyses retrieved a massive presenBe lzdrbusgenome within all populations
of B. tyberinus with exception of the one from the Paglia Rivigg.(3.8 A and B). Also the
level of nuclear polymorphism for these populat@omfirmed the results (tab. 3.8). These
findings were in agreement with data concerningdiséribution ofB. barbusin Tiber River
basin (Lorenzonet al, 2006; ARPA Umbria, 2008). In fact this speciesvide distributed in
all the main tributaries of the Tiber River, butstabsent from the upper part of the Paglia
River, where pop.9 came from. On the other hancham@ng populations were sampled in
watercourses where the presenceBofbarbuswas known at least since the 1996 (ARPA
Umbria, 2008).

Conversely to the previous hybridization caBe,tyberinusand B. barbusare two species
belonging to the ecological group of the fluviodatrine barbels. This means that they share
the same habitat and therefore the probabilityntdractions and hybridization, how showed
by results, is very high. Bayesian cluster analystvered also the presenceBofplebejus
genome irB. tyberinuspopulations. In this case was difficult to as$eakare was a retention
of ancestral polymorphism or introgressive hybadian, because the previous study (see
Chapter 2) showed a close relationship betweenvwbespecies. To disentangle this topic a
more specific sampling should be necessary.

In conclusion, differently fromB. caninus divergences among population found Bn
tyberinuswere not due to a real genetic differentiation tmaire probably to the presence of

an high number of specimens with admixed genome.
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Conclusions

78



CHAPTER 4_Conclusions

The overarching theme of this research was to tigas the hierarchical levels of
relatedness in natural populations of Italian bBrbgenusBarbug, a widespread and
important group the Italian freshwater fauna. Fatyehis was the first detailed study on
Italian species belonging to this genus. In ordecdnduct these analyses, new molecular
tools useful for phylogeographic inferences wengetigped.

Phylogenetic analyses of mitochondrial and nuctearkers clarified the systematic status of
B. plebejusand B. tyberinus that were recovered as two clear differenta Phylogenetic
analyses confirmed current morphology-based sydtenand the monophyly for the
remaining specieB. caninusandB. balcanicusas well. The study highlighted the importance
in using combinations of nuclear markers in a cexplenus as thBarbusone, and in
general in all phylogeographic studies as well.

New evidences confirmed the hypothesis of permigaltd the freshwater fish of the main
biogeographic barriers as the Alpine and the Apenmhains. Moreover this was the first
time, at knowledge of the author, that was recottiedoresence @. tyberinusin the Brenta
River.

The second branch of this thesis was to depictgteetic diversity oB. caninusand B.
tyberinusin order to estimate the importance of the ecaligpreferences in shaping the
structure of their populations. Results indicateat tactually ecology of the species could play
an important role in modulating gene flow.

The exploitation of new ncDNA markers, developedths research, allowed to show
evidences that Italian barbels species easily ig@iwhen they come in contact or live in
sympatry as found for other EuropeBarbusspecies.

The study of phylogenetic relationships of barbgi®up is not concluded, it will be
interesting to extend the use of these new maitketise remaining Europedarbusspecies

to estimate the biogeographic patterns across gwitbtranean region, that shows a complex
geological and climatic history.

Further analyses could confirm the role of ecolagigreferences in shaping the genetic
structure of ItalianBarbus species. In this contest, extending the samplingaowider
geographical range, it will be possible, also, itghhght the presence of ESUs (Evolutionary
Significant Units) inB. caninugsendangered species listed in the IUCN Red L&t tleeds of
management plans.

Deeper researches should be addressed to depiet bet hybridization events between
Italian barbels in order to evidence the direct@inthe gene flow, the extension of the

phenomenon and its ecological consequences. Mareolkeoader study seems necessary to

79



CHAPTER 4_Conclusions

prevent genetic pollution oB. tyberinuspopulations endangered by the presence of the

allochthonous specids barbus

80



REFERENCES

Refer ences

Aljanabi, S. M., Martinez, I., 1997. Universal amdpid salt-extraction of high quality
genomic DNA for PCR-based techniques. Nucleic A&lds. 25, 22.

Almac, C., 1981. La collection dgarbusd’Europe du Museum national d’Histoire naturelle
(Cyprinidae, Pisces). Bull. Mus. Natl. Hist. NaarB 4 Ser. 3(A-1), 277-307.

ARPA Umbria, 2008. Carta lIttica della Regione Urab86pp.

Avise, J. C., Arnold, J., Ball, R. M., Eldredge,, Bamb, T., Neigel, J. E., Reeb, C. A,,
Saunders, N. C., 1987. Intraspecific phylogeograpftye mitochondrial DNA bridge
between population genetics and systematics. AriRegiew of Ecology and Systematics,
18: 489-522.

Avise J. C., 2000. Phylogeography. Harvard UniesBy Cambridge, Massachusetts, 447 pp.
Ballard J. W. O., Chernoff, B., James, A. C., 20D®ergence of mitochondrial DNA is not
corroborated by nuclear DNA, morphology, or behavia Drosophila simulans

Evolution, 56, 527-545.

Banarescu, P. M., 1973. Origin and affinities oé threshwater fish fauna of Europe.
Ichthyologia 5, 1-8.

Banarescu, P. M., 1998. On the relations betweedrolgyaphy and the ranges of
freshwaterfish species and subspecies. Ital. J. B6p87-93.

Bartolini, C., Pranzini, G., 1988. Evoluzione deltografia nella Toscana centro-
settentrionale. Bollettino Museale Di Storia Nateraunigiana, 6-7, 79-83.

Behrmann-Godel, J., Gerlach, G., Eckmann, R., 2(@dstglacial colonization shows
evidence for sympatric population splitting of Esiean perchPRerca fluviatilisL.) in Lake
Constance. Mol. Ecol. 13, 491-497.

Belkhir, L., 1999. GENETIX v4.0. Belkhir Biosoft,dboratoire des Genomes et Populations,
Université Montpellier II.

Benzécri, J. P., 1973. L'Analyse des Données: T.Ahalyse des correspondances. Paris:
Dunod, 619 pp.

Bergek, S., Bjorklund, M., 2009. Genetic and motpbeal divergence reveals local
subdivision of perchRerca fluviatilisL.). Biol. J. Linn. Soc. 96, 746-758.

Bermingham, E., Avise, J. C., 1986. Molecular zamgaphy of freshwater fishes in the
south eastern United States. Genetics 113, 939-965.

Bernachez, L., Wilson, C., 1998. Comparative phgtmgraphy of Neartic and Paleartic
fishes. Mol. Ecol. 7, 431-452.

81



REFERENCES

Berrebi, P., 1995. Speciation of the geBabusin the north Mediterranean Basin: Recent
advances from biochemical genetics. Biol. Consg2y.237-249.

Betti, L., 1993. Prime osservazioni sull'ibridazéorira Barbo comuneB@rbus barbus
plebejusval.) e Barbo caninoBarbus meridionalifisso). Acta Biol. 70, 23-28.

Bianco, P. G., 1989. Some hypotheses on the avigmmimary freshwater fishes in southern
Europe. Biologia Gallo-Hellenica 15, 59-64.

Bianco, P. G. , 1990. Potential role of the palstuly of the Mediterranean and Paratethys
basins on the early dispersal of Euro-Mediterranfeashwater fishes. Icthyol. Explor.
Fres. 1, 167-184.

Bianco, P. G., 1994. L'ittiofauna continentale tghpennino umbro-marchigiano, barriera
semipermeabile allo scambio di componenti primaérdegli opposti versanti dell’ltalia
centrale. Biogeographia 17, 427-485.

Bianco, P. G., 1995a. A revision of the ItaliBarbusspecies (Cypriniformes: Cyprinidae).
Ichthyol. Explor. Fres. 6(4), 305-324.

Bianco P. G., 1995b. Factors affecting the distiivuof freshwater fishes especially in Italy.
Cybium, 19, 241-259.

Bianco, P. G., 20038Barbus caninusBonaparte, 1839. pp. 12P46. In: P. Banarescu, The

Freshwater Fishes of Europe, Cyprinidae, Vol. SZ\prinidae 2, Part Il: Barbus. AULA-
Verlag, Wiebelsheim (Ed).

Bianco, P. G., Delamastro, G., 2004. Threatenede$isof the world:Barbus caninus
Bonaparte, 1839 (Cyprinidae). Environ. Biol. Fisfiés 352.

Bianco, P. G., Keitmayer, V., 2001. Anthropogenmaieges in the freshwater fish fauna of
Italy, with reference to the central region aB@drbus graellsii a newly established alien
species of Iberian origin. J. Fish Biol. 59 (suppl.190-208.

Bjorklund M., Aho, T., Larsson, L. C., 2007. Geagetiifferentiation in pikeperchSander
luciopercg: the relative importance of gene flow, drift acmmmon history. J. Fish Biol.
71, 264-278.

Bryant, D., Moulton, V., 2004. Neighbor-Net: an &ggerative method for the construction
of phylogenetic networks. Mol. Biol. Evol. 21, 25%5.

Blanchet, S., Rey, O., Etienne, R., Lek, S., Lddt, 2010. Species-specific responses to
landscape fragmentation: implications for managersgategies. Evol. Appl. 3, 291-304.

Briolay, J., Galtier, N., Brito, R. M., Bouvet, Y1998. Molecular phylogeny of Cyprinidae
inferred from cytochrome b DNA sequences. Mol. Bgghet. Evol. 9, 100-108.

Brown, W. M., Vinograd, J., 1974. Restriction endolease cleavage maps of animal
mitochondrial DNAs. P. Nat. Ac. Sci. USA 71, 461624.

82



REFERENCES

Brown, W. M, Wright, J. W, 1975. Mitochondrial DN&nd the origin of parthenogenesis in
whiptail lizards Cnemidophorus Herpetol. Rev. 6, 70-71.

Carosi, A., Ghetti, L., Pedicillo, G., Lorenzoni,.M2006. Distribuzione ed abbondanza di
Barbus tyberinu8onaparte, 1839 nel bacino umbro del flume Tevere.
http://www.xivcongresso.societaitalianaecologialarggcles/.

Cattuto, C., Cencetti, C., Gregori, L., 1988. Ladid dei corsi d’acqua minori dell'ltalia
Appenninica come mezzo di indagine sulla tettorded Plio/Pleistocene. Bollettino
Museale Di Storia Naturale Lunigiana, 6-7, 7-10.

Chan, K. M. A, Levin, S. A., 2005. Leaky prezygasolation and porous genomes: rapid
introgression of maternally inherited DNA. Evolutjdb9, 720-729.

Chang, F. M., Kidd, K. K., 1997. Rapid moleculaplwyping of the first exon of the human
dopamine D4 receptor gene by heteroduplex analisis.J. Med. Genet. 74, 91-94.

Chenuil, A., Crespin, L., Pouyaud, L., Berrebi, PQ04. Autosomal differences between
males and females in hybrid zones: a first repoostnf Barbus barbusand Barbus
meridionalis (Cyprinidae). Heredity, 93, 128-134.

Clement, M., Posada, D., Crandall, K. A., 2000. T&@&®omputer program to estimate gene
genealogies. Mol. Ecol. 9, 1657-1660.

Cox, C. B., Moore, P. D, 1980. Biogeography: An Bgecal and Evolutionary Approach.
Halsted Press, NY, U.S.A., 506 pp.

Crespin, L., Berrebi, P., 1999. Asymmetrical intreggsion in freshwater fish hybrid zone as
revealed by a morphological index of hybridizati@iol. J. Linn. Soc. 67, 57-72.

DeWoody, J. A., Avise, J. C., 2000. Microsatellitariation in marine, freshwater and
anadromous fishes compared with other animalss.Biol. 56, 461-473.

Dieringer, D., Schiétterer, C., 2002. Microsatelldnalyser (MSA): a platform independent
analysis tool for large microsatellite data setsl.NEcol. Notes 3, 167-169.

Doadrio, I, Carmona, J. A., Machordom, A., 200Apleétype diversity and phylogenetic
relationships among the Iberian barbels (Barbugyri@iglae) reveal two evolutionary
lineages. J. Hered. 93, 140-147.

Durand, J. D., Persat, H., Bouvet, Y., 1999a. Rigdgraphy and postglacial dispersion of
the chub [Leuciscus cephalyisn Europe. Mol. Ecol. 8, 989-997.

Durand, J. D., Templeton, A. R., Guinard, B., lmeti, A., Bouvet, Y., 1999b. Nested Clade
and phylogeographic Analyses of the Chiudciscus cephaludeleostei, Cyprinidae), in
Greece: Implications for Balkan Peninsula Biogepgya Mol. Phylogen. Evol., 13, 566-
580.

Economidis, P. S., Banarescu, P. M., 1991. Theibigton and origins of freshwater fishes
in the Balkan peninsula, especially in Greece.Retv. Ges. Hydrobiol. 76, 257-283.

83



REFERENCES

Eytan, R. I., Hellberg, M. E., 2010. Nuclear andachondrial sequence data reveal and
conceal different demographic histories and popriagenetic processes in caribbean reef
fish. Evolution 64, 3380-3397.

Evanno, G., Regnaut, S., Goudet, J., 2005. Detetha number of clusters of individuals
using the software STRUCTURE: a simulation studpl.NEcol. 14, 2611-2620.

Ewers, R. M., Didham, R. K., 2006. Confounding fastin the detection of species responses
to habitat fragmentation. Biol. Rev. 81, 117-142.

Fahrig, L., 1998. When does fragmentation of brmegdabitat affect population survival?
Ecol. Model. 105, 273-292.

Farias, I. P., Guillermo, O., Sampaio, I., Schneitle, Meyer, A., 2001. The Cytochrome b
Gene as a Phylogenetic Marker: The Limits of Reagmufor Analyzing Relationships
Among Cichlid Fishes. J. Mol. Evol. 53, 89-103.

Feest, A., Timothy, D., Aldred, D., Jedamzik, KO1D. Biodiversity quality: a paradigm for
biodiversity. Ecol. Idic. 10, 1077-1082.

Flot, J. F., Tillier, A., Samadi, S., Tillier, S2006. Phase determination from direct
sequencing of length-variable DNA regions. Mol. Ediotes 6, 627-630.

Flot, J. F., 2010. SeqPHASE: a web tool for intexasting PHASE input/output files and
FASTA sequence alignments. Mol. Ecol. Res. 10, 16@-

Frankham, R., Ballou, J. D., Briscole, D. A., 200@troduction to conservation genetics.
Cambridge University press. 543 pp.

Fratini S., Zaccara S, Barbaresi S., Grandejarséuty-Grosset C., Crosa G., Gherardi F.,
2005. Phylogeography of the threatened crayfismygeiustropotamobiusin Italy,
implications for its taxonomy and conservation. étbry 94, 108-118.

Fu, Y. X., 1997. Statistical tests of neutrality ofutations against population growth,
hitchhiking and background selection. Genetics P4B5-925.

Gamble, T., Berendzen, P. B., Bradley Shaffer, $iarkey, D. E., Simons, A. M., 2008.
Species limits and phylogeography of North Americanket frogs Acris. Hylidea). Mol.
Phylogenet. Evol. 48, 112-125.

Gandolfi, G., Zerunian, S., Torricelli, P., MarcemaA., 1991. | pesci delle acque interne
italiane. Ist. Poligrafico e Zecca dello Stato, Ro®17 pp.

Gante, H. F., Micael, J., Oliva-Patern, F. J., Dagd., Dowling, T. E., Alves, M. J., 2009a.
Diversification within glacial refugia: tempo andode of evolution of the polytypic fish
Barbus sclateriMol. Ecol. 18, 3240-3255.

Gante, H. F., 2009b. A role for introgressive hgration in the evolution of freshwater

fishes: the case-study of Iberi@arbus(Teleostei, Cyprinidae). PhD Dissertation. Arizona
State University, 190pp.

84



REFERENCES

Godinho, R., Crespo, E. G., Ferrand, N., 2008. Titmts of mtDNA phylogeography:
complex patterns of population history in a higlstyuctured lberian lizard are only
revealed by the use of nuclear markers. Mol. EC6l.4670-4683.

Gomez, A., Lunt, D. H., 2007. Refugia within refagipatterns of phylogeographic
concordance in the Iberian Peninsula. In:Phylogaggy in Southern European
Refugia.Springer (Ed.), 377 pp.

Grandjean, F., Gouin, N., Frelon, M., Souty-Grosset 1998. Genetic and morphological
systematic studies on the crayfi&hstropotamobius palliped. Crus. Biol. 18, 549-555.

Guindon, S., Gascuel, O., 2003. A simple, fast, aodurate algorithm to estimate large
phylogenies by maximum likelihood. Syst. Biol. 52(696-704.

Guo, S. W., Thompson, E. A., 1992. Performing thece test of Hardy—Weinberg
proportions for multiple alleles. Biometrics 48,13872.

Hanfling, B., Brandl, R., 1998. Genetic and morpigidal variation in a common European
cyprinid, Leuciscus cephalusithin and across Central Europe drainages. & Bisl. 52,
706-715.

Hanfling, B., Hellemans, F., Volckaert, A. M., Calto, G. R., 2002. Late glacial hystory of
the cold adapted freshwater fi€lottus gobio revealed by microsatellites. Mol. Ecol. 11,
1717-1729.

Hanfling, B., Durka, W., Brandl, R., 2004. Impact loabitat fragmentation on genetic
population structure of roacRutilus rutilus in a riparian ecosystem. Con. Gen. 5, 247-
257.

Henle, K., Davies, K. F., Kleyer, M., Margules, Gettele, J., 2004. Predictors of species
sensitivity to fragmentation. Biodiv. Conserv. 28,7-251.

Hewitt G. M., 1999. Post-glacial re-colonizationEdropean Biota. Biol. J. Lin. Soc. 68, 87—
112.

Hewitt, G. M., 2000. The genetic legacy of the @uadry ice ages. Nature 405, 907-913.

Hewitt, G. M., 2001. Speciation, hybrid zones ahgllpgeography — or seeing genes in space
and time. Mol. Ecol. 10, 537-549.

Hewitt, G. M., 2004. Genetic consequences of clienatscillations in the Quaternary.
Philosophical T. Roy. Soc. Lon. Ser. B: Biol. %9, 183-195.

Hickerson, M. J., Carstens, B. C., Cavender-BadesCrandall, K. A., Graham, C. H.,
Johnson, J. B., Rissler, L., Victoriano, P. F., ¥qdA. D., 2010. Phylogeography’'s past,
present, and future: 10 years after Avise, 2000. Rloylogenet. Evol. 54, 291-301.

Howes, G. J., 1987. The phylogenetic position af tfugoslavian cyprinid fish genus

AulopygeHeckel, 1841, with an appraisal of the geBasbusCuvier & Cloquet, 18 16
and the subfamily Cyprinidae. Bull. Br. Mus. NaisH (Zool.) 52, 165-19.

85



REFERENCES

Hugueny, B. 1989. Biogéographie et structure dagleenents de poissons d’'eau douce
d’Afrique de I'Ouest : approches quantitatives. PHi&sis, Université Paris-VII, Paris.

Huxel, G. R., 1999. Rapid replacement of nativecE®e by invasive species: effects of
hybridization. Biol. Conserv. 89, 143-155.

Irwin D.E., 2002. Phylogeographic breaks withowgographic barriers to gene flow.
Evolution 2, 383-2394.

Jenkins, D. G., Brescacin, C. R., Duxbury, C. MlipH, J. A., Evans, J. A., Grablow, K. R.,
Hillegass, M., et al. 2007. Does size matter ispersal distance? Global Ecol. Biogeogr.
16, 415-425.

Karakousis, Y., Machordom, A., Doadrio, I., Econd®j P. S., 1995. Phylogenetic
relationships ofBarbus peloponnesiu¥alenciennes, 1842 (Osteichthyes: Cyprinidae)
from Greece with other species Bfarbus as revealed by allozyme electrophoresis.
Biochem. Syst. Ecol. 23, 365-375.

Ketmaier, V., Bianco, P. G., Cobolli, M., KrivokapiM., Caniglia, R., De Mattheis, E., 2004.
Molecular phylogeny of two lineages of Leuciscimagrinids {Telestesand Scardiniug
from the peri-mediterranean area based on cytochiomata. Mol. Phylogenet. Evol. 32,
1061-1071.

Ketmaier, V., Finamore, F., Largiadér, C., Milon&). and Bianco, P. G., 2009.
Phylogeography of bleak&lburnus spp. (Cyprinidae) in Italy, based on cytochrolme
data. J. Fish. Biol. 75, 997-1017.

Konopinski, M., K., Amirowicz, A., Kukula, K., 200Probable direction of the postglacial
colonization of rivers on northern slopes of thepgashian Ridge byarbus carpathicus
(Teleostei: Cyprinidae) evidenced by cline of geneariation. J. Fish Biol. 70, 406-415.

Kotlik, P., Tsigenopoulos, C. S., Rab, P., Berréhj,2002. Two newBarbusspecies from the
Danube River basin, with redescription Bf petenyi(Teleostei: Cyprinidae) Folia Zool.
51(3), 227-240.

Kotlik, P., Berrebi, P., 2001. Genetic subdivisiofithe Danubian rheofilic barBarbus
petenyi inferred from phylogenetic analysis of mitochoadlriDNA variation. Mol.
Phylogenet. Evol. 24, 10-18.

Kotlik, P., Berrebi, P., 2002. Genetic subdivisiamd biogeography of the Danubian
rheophilic barBarbus petenyinferred from phylogenetic analysis of mitochoatiDNA
variation. Mol. Phylogenet. Evol. 24, 10-18.

Kotlik, P., Bogutskaya, N. G., Ekmekci, F. G., 20@rcum Black Sea phylogeography of
Barbusfreshwater fishes: divergence in the Pontic glaefugium. Mol. Ecol. 13, 87-95.

Kotlik, P., Markova, S., Choleva, L., Bogutskaya, ®., Ekmekci, F. G., lvanova, P. P.,
2008. Divergence in the gene flow between Pont@i@asrefugia in an anadromous
cyprinid Rutilus frisii revealed by multiple gene phylogeography. Mol. Edal, 1076-
1088.

86



REFERENCES

Kottelat, M., Freyhof, J., 2007. Handbook of EurapeFreshwater Fishes. Publications
Kottelat, Cornol, Switzerland, 639pp.

Kurshut, E., Kohlmann, K., 2009. Application of aispecies-specific microsatellite loci to
characterize three pikepercBander luciopercapopulations from the Aral Sea basin in
Uzbekistan. Environ. Biotec. 5, 3-10.

Lajbner, Z., Slechtova, V., Slechta, V., Svatora, Berrebi, P., Kotlik, P., 2009. Rare and
asymmetrical hybridization of the endemiBarbus carpathicus with its widespread
congeneB. barbus J. Fish Biol. 74, 418-436.

Lee, J. Y., Edwards, S. V., 2008. Divergence actbss Carpentarian barrier: Statistical
phylogeography of the Red-backed Fairy WrBtalurus melanocephaljsEvolution 62,
3117-3134.

Librado, P., Rozas, J., 2009. DnaSP v5: A softwarecomprehensive analysis of DNA
polymorphism data. Bioinformatics 25, 1451-1452.

Lorenzoni, M., Carosi, A., Angeli, V., Bicchi, A.Pedicillo, G., Viali, P., 2006.
Individuazione e riconoscimento dei barbi autoctoslibacino del flume Paglia. Provincia
di Terni Assessorato alla Programmazione faunisfieani, Arti Grafiche lezzi. 53pp.

MacHartur, R. H., Wilson, E. O., 1967. The Theorylsland Biogeography. Princeton
University Press, 203 pp.

Machordom, A., Berrebi, P., Doadrio, I., 1990. Spharbarbel hybridization detected using
enzymatic markersBarbus meridionaliRisso andBarbus haasiMertens (Osteichthyes,
Cyprinidae). Aguat. Living Resour. 3, 295-303.

Machordom, A., Doadrio, I., 2001. Evolutionary bist and speciation modes in the cyprinid
genusBarbus Proc. R. Soc. Lond. Biol. 268, 1297-1306.

Maddison, D. R., Maddison, W. P., 2002. MacCladeal§sis of phylogeny and character
evolution v.4.03 OS X, Sinauer.

Mayden, R. L., Chen, W. J., Bart, H. L., Doosey, Hl, Simons, A. M., Tang, K. L., Wood,
R. M., Agnew, M. K., Yang, L., Hirt, M. V., ClemesitM. D., Saitoh, K., Sado, T., Miya,
M., Nishida, M., 2009. Reconstructing the phylogeneelationships of the earth’s most
diverse clade of freshwater fishes order cyprimifes (Actinopterygii: Ostariophysi): A
case study using multiple nuclear loci and the amtmdrial genome. Mol. Phylogenet.
Evol. 51, 500-514.

Mayr, E., 1942. Systematics and the Origin of Sgedrom the Viewpoint of a Zoologist.
Columbia University Press, New York, 334 pp.

Marchetto, F.Zaccara, S.Muenzel, F. M.and Salzburger, W., 2018hylogeography of the
Italien vairone Telestes muticellylBonaparte 1837) inferred by microsatellite masker
evolutionary history of a freshwater species wittestricted and fragmented distribution
BMC Evol. Biol. 10, 1111.

87



REFERENCES

Markova, S., Sanda, R., Crivelli, A., Shumka, Sils@n, I. F., Vukic, J., Berrebi, P., Kotlik,
P., 2010. Nuclear and mitochondrial DNA sequenda daveal the evolutionary history of
Barbus(Cyprinidae) in the ancient lake systems of thekBas. Mol. Phyl. Evol. 55, 488-
500.

Monge-Najera, J., 2008. Ecological biogeographyeaew with emphasis on conservation
and the neutral model. Gayana 72(1), 102-112.

Moyer, G. R., Remington, R. K., Turner, T. F., 2008congruent gene trees, complex
evolutionary processes, and the phylogeny of a mrofi North American minnows
(HybognathusAgassiz 1855). Mol. Phylogenet. Evol. 50, 514-525.

Muenzel, F. M., Salzburger, W., Sanetra, M., Grabhh8., Meyer, A., 2010. Genetic
structure of the vairon@elestes souffian the eastern part of Lake Constance, central
Europe. J. Fish Biol. 5, 1158-1164.

Muir, G., Fleming, C. C., Schlotterer, C., 2001.rdé divergent rDNA clusters predate the
species divergence iQuercus petraia(Matt.) Liebl. andQuercus roburL. Mol. Biol.
Evol. 18, 112-119.

Myers, G. S, 1938. Freshwater fishes and West ind@geography. Smithsonian Rep. 339-
364.

Nei, M., Li., W. H., 1979. Mathematical model fotudying genetic variation in terms of
restriction endonucleases. Proceedings of the Natidcademy of Sciences, USA 76:
5269-5273.

Nei, M., 1987. Molecular Evolutionary Genetics. @obia University Press, New York, NY,
512 pp.

Ovidio, M., Parkinson, D., Philippart, J. C., Barks, 2007. Multiyear homing and fidelity to
residence areas by individual bard@afbus barbups Belg. J. Zool. 137, 183-190.

Palandacic, A., Zupancic P., Snoj A., 2010. Revisgdssification of former genus
Phoxinellus using nuclear DNA sequences, Biochemyst.S Ecol. doi:
10.1016/j.bse.2010.09.021

Palumbi, S. R., Cipriano, F., Frank, F., Hare, M, P00O1. Predicting nuclear gene
coalescence from mitochondrial data: The threegimée. Evolution 55, 859-868.

Peakall, R., Smouse, P. E., 2006. GENALEX 6: geratilysis in Excel. Population genetic
software for teaching and research. Mol. Ecol. N@&e288-295.

Perdices, A., Doadrio, I., Economidis, P. S., Bahld., Banarescu, P., 2003. Pleistocene
effects in theEuropean freshwater fish fauna: d®ubligin of the cobitid genus
Sabanejewian the Danube basin (Osteichthyes: Cobitidae). lall. Evol. 26, 289-299.

Persat, H. and Berrebi, P., 1990. Relative aggeadent populations darbus barbusand

Barbus meridionali{Cyprinidae) in Southern France: preliminary cdesations. Aquat.
Living Res. 3, 253-263.

88



REFERENCES

Pinho, C., Harris, D. J., Ferrand, N., 2008. Noo#darium estimates of gene flow inferred
from nuclear genealogies suggest that Iberian amdhNAfrican wall lizards Rodarcis
spp) are an assemblage of incipient species. BMC.Biol. 8, 63.

Posada, D., Crandall, K. A., 1998. Modeltest: tgstthe model of DNA substitution.
Bioinformatics 14, 817-818.

Poulton, E. B., 1903. What is a species? Transatmf the Entomological Society of
London, 1903, 77-116.

Pritchard, J. K., Matthew, S., Donnelly, P., 200tference of Population Structure Using
Multilocus Genotype Data. Genetics 155, 945-959.

Pritchard, J. K., Wen, W., 2002. Documentation fRUCTURE software: version 2.
Available fromhttp://pritch.bsd.uchicago.edu

Provine, W. B., 2004. Ernst Mayr: genetics and siea. Genetics 167, 1041-1046.

Rahel, F. J., 2007. Biogeographic barriers, convigctand homogenization of freshwater
faunas: it's a small world after all. FreshwateolBb2, 696-710.

Ramirez-Soriano A., Ramos-Onsis S. E., Rozas SafdéllaF., Navarro, A., 2008. Statistical
power analysis of neutrality tests under demogrmamxpansions, contractions and
bottlenecks with recombination. Genetics 179, 568-5

Ramos-Onsins S.E., Rozas J., 2002. Statisticalegpiep of new neutrality tests against
population growth. Mol. Biol. Evol. 19, 2092-2100.

Reyes, A., Gissi, C., Catzeflis, F., Nevo, E., Res&., Saccone, C., 2004. Congruent
Mammalian Trees from Mitochondrial and Nuclear Geblsing Bayesian Methods. Mol.
Biol. Evol. 21(2), 397-403.

Reyijol, Y., Hugueny, B., Pont, D. et al., 2007.tBats in species richness and endemism of
European freshwater fish. Global Ecol. Biogeogt.@% 75.

Refseth, U. H., Nesbg, C., Stacy, J. E., VallestadFjeld, E., Jakobsen, K. S., 1998. Genetic
evidence for different migration routes of freshevrdish into Norway revealed by analysis
of current perchRerca fluviatilig populations in Scandinavia. Mol. Ecol. 7, 101210

Ricklefs, R. E., Schiuter, D., 1993. Species ditgrsegional and historical influences. In:
Species Diversity in Ecological Communities: Higtal and Geographical Perspectives
(Eds R.E. Ricklefs & D. Schluter), pp. 350-363. Thaiversity of Chicago Press, Chicago,
IL, U.S.A.

Rohling R. J., Fenton M., Jorissen F. J., Bertr&éhd Ganssen G., Caulet J. P., 1998
Magnitudes of sea level lowstands of the past B0y@ars. Nature 394, 162-165.

Rousset, F., 2008. Genepop'007: a complete reinguitation of the Genepop software for
Windows and Linux. Mol. Ecol. Resour. 8, 103-106.

89



REFERENCES

Salguerio, P., Carvhalo, G., Collares-Pereira, M.,Coelho, M. M., 2003. Microsatellites
analysis of genetic population structure of theaggéred cyprinidAnaecypris hyspanica
in Portugal: implications for conservation. Biolois. 109, 47-56.

Salzburger, W., Baric, S., Sturmbauer, C., 2002c#pion via introgressive hybridization
in East African cichlids? Mol. Ecol. 11, 619-625.

Salzburger, W., Branstatter, A., Gilles, A., Parsdh, Hempel, M., Sturmbauer, C., Meyer,
A., 2003. Phylogeography of the vaironkegqciscus souffiaRisso 1826) in central
Europe. Mol. Ecol. 12, 2371-2386.

Salviati, S., Maio, G., Marconato, E., Timillero,,Aizzul, E., 2004. Aspetti della biologia di
Barbus caninusBonaparte, 1839 nel Torrente Agno (Sistema dehdéiuBrenta). Biol.
Ambien. 18, 51-64.

Schreiber, A., 2009. Comparative allozyme genetius range history of the European river
barbel (Teleostei, Cyprinidae: Barbus barbus) & Rhine/upper Danube contact area. J.
Zool. Syst. Evol. Res. 47, 149-159.

Sediva, A., Janko, K., Slechtova, V., Kotlik, Pim8novic, P., Delic, A., Vassilev, M., 2008.
Around or across the Carpathians: colonization rhotiehe Danube basin inferred from
genetic diversification of stone loacBdrbatula barbatul populations. Mol. Ecol. 17,
1277-1292.

Semeraro, R., 2000. An hypothesis of the paleoggdyrof the western Julian Alps and its
role in the karstic development of the Mt. Canpodea 3, 117-166.

Shan, Y., Gras R., 2010. Genome-wide EST miningagyhes to resolving incongrueces in
molecular phylogenies. Adv. Exp. Med. Biol. 68372243

Slechtova, V., Bohlen, J., Freyhof, J., Persat¢lmastro, G. B., 2004. The Alps as barrier
to dispersal in cold-adapted freshwater fishes?Adgepgraphic history and taxonomic
status of the bullhead in the Adriatic freshwatexrimage. Mol. Phylogenet. Evol. 33, 225-
239.

Sota, P., Vogler, A. P., 2001. Incongruence of miedmdrila and nuclear gene trees in
Carabid beetle®homotperusSyst. Biol. 50, 39-59.

Susnik, S., Snoj, A., DovP., 2001. Evolutionary distinctiveness of graylifithymallus
thymallug inhabiting the Adriatic river system, as based mtbDNA variation. Biol.J.
Linn. Soc. 74, 375-385.

Smith, H. M., 1965. More evolutionary terms. Sy&tol. 14, 57-58.

Stefani, F., Galli, P., Zaccara, S., Crosa, G.la@ari, D., 2004. Alpine and Apennine
barriers determining the differentiation of the du@cardinius erythrophthalmus.) in
the Italian peninsula. Ecol. Freshw. Fish. 13, 188-

Stephens, M., Smith, N. J., Donnelly, P., 2001. éwnstatistical method for haplotype
reconstruction from population data. Am. J. Humn&e68, 978-989.

90



REFERENCES

Strange, R. M., Burr, B. M., 1997. Intraspecificyfiigeography of north American highland
fishes: A test of the Pleistocene vicariance hypsig Evolution 51, 885-897.

Suarez-Diaz, E., Anaya-Mufioz, V. H., 2008. Histampjectivity, and the construction of
molecular phylogenies. Stud. Hist. Phil. Biol. &Bied. Sci. 39, 451-468.

Swofford, D. L., 2002. PAUP*. Phylogenetic Analysising Parsimony (and other methods).
Version 4b10. Sinauer Associates, Sunderland, MA.

Taberlet, P., Fumagalli, L., Wust-Saucy, A., Cosshn1998. Comparative phylogeography
and postglacial colonization routes in Europe. Nkaol. 7, 453—-464.

Tamura, K., Dudley, J., Nei, M., Kumar, S., 20MEGA4 Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0. Mol. Biol. &v 24, 1596-1599.

Tajima, F., 1989. The effect of change in poputatgize on DNA polymorphism. Genetics
123, 597-601.

Thomas, C., D., 2000. Dispersal and extinctionragmented landscape. P. R. Soc. London
267, 139-145.

Tortonese, E., 1970. Fauna d’ltalia. Osteichthyésl.X.Pesci Ossei. Officine Grafiche
Calderini, Bologna, 565 pp.

Tsigenopoulos, C. S., Karakousis, Y. E., Berrehi, 1899. The North Mediterrane&arbus
lineage: phylogenetic hypotheses and taxonomicioagpbns based on allozyme data. J.
Fish Biol. 54, 267-286.

Tsigenopoulos, C. S., Berrebi, P., 2000. Molecyarylogeny of North Mediterranean
freshwater barbs (genuBarbus Cyprinidae) inferred from cytochrome b sequences:
biogeographic and systematic implications. Mol. IBggnet. Evol. 14, 165-179.

Tsigenopoulos, C. S., Kotlik, P., Berrebi, P., 20Bibgeography and pattern of gene flow
among Barbus species (Teleostei: Cyprinidae) inhabiting thelidta Peninsula and
neighbouring Adriatic drainages as revealed byzgiite and mitochondrial sequence data.
Biol. J. Linn. Soc. 75, 83-99.

Tsigenopoulos, C. S., Durand, J. D., Unli, E., &eirr P., 2003. Rapid radiation of the
MediterranearLuciobarbusspecies (Cyprinidae) after the Messinian salioitigis of the
Mediterranean Sea, inferred from mitochondrial pgghetic analysis. Biol. J. Linn. Soc.
80, 207-222.

Upholt, W. B., 1977. Estimation of DNA sequenceadgence from comparison of restriction
endonuclease digests. Nucleic Acids Res. 4, 1255.12

Upholt, W. B., Dawid, I. B., 1977. Mapping of mito@ndrial DNA of individual sheep and
goats: rapid evolution in the D loop region. Qdl| 571-583.

Wang H, Tsai M, Yu M, Lee S, 1999. Influence ofagddions on divergence patterns of the
endemic minnowZacco pachycephalug Taiwan. Mol. Ecol. 8, 1879-1888.

91



REFERENCES

Waters, J. M., Craw, D., Youngson, J., Wallis, G, P001. Genes meet geology: fish
phylogeographic pattern reflects ancient, ratheanthmodern, drainage connections.
Evolution 55, 1844-1851.

Watterson, G. A., 1975. On the number of segregadites in genetical models without -
recombination. Theor. Popul. Biol. 10, 256-276.

Weir, B. S., 1996. Genetic data analysis Il: Mewhdor discrete population genetic data.
Sinauer, Sunderland.

Weiss, S., Persat, H., Eppe, R., Schlotterer, Gbleln, F., 2002. Complex patterns of
colonization and refugia revealed for European lgrgyThymallus thymallysbased on
complete sequencing of the mitochondrial DNA cointegion. Mol. Ecol. 11, 2599-2611.

Youngson, A., Jordan, W., Verspoor, E., McGinniB,, Cross, T., Ferguson, A., 2003.
Management of salmonid fisheries in the Britisledsltowards a practical approach based
on population genetics. Fish. Res. 62, 193-209

Yokoyama, Y, Lambeck, K, De Deckker, R Johnston, RFifield, L. K., 2000.Timing of the
last glacial maximum from observed sea-level miniN@ure 406 713-716

Zaccara, S., Stefani, F., Del Mastro, G. B., 2(@1ylogeographical structure of the vairone
Telestes muticellugTeleostei, Cyprinidae) within three European pd&iediterranean
districts. Zool. Scr. 36, 443-453

Zardoya, R., Doadrio, 1.,1998. Phylogenetic relaglups of Iberian cyprinids: systematic and
biogeographical implications. Proc. R. Soc. Lor2@5, 1365-1372.

Zardoya, R., Doadrio, 1., 1999. Molecular evidencethe evolutionary and biogeographical
patterns of European cyprinids. J. Mol. Evol. 437-237.

Zerunian, S., 2002. Iconografia dei pesci delleuacmterne d’ltalia (Iconography of Italian
inland water fishes). Min. Ambiente - Ist. Naz. RalBelvatica, 263 pp. + 33 tawv.

92



APPENDICES
-1V

93



APPENDIX |

Appendix |, Tablel : Variable nucleotide positionbp found in Gh2 among direct phased samplestaiddloned sequences

Growth hormone 2 (Gh2) - short sequence
Nucleotide position

samples/clones

31 79 125 143 366 395

3 4 T gap T A T T
clonel T gap T A T G
clone5 T G C G T T
clone6 T gap T A T T
clone7 T gap T A A T
35 T gap T A T T
clonel T gap T A T T
clone3 T gap T A T T
clone5 T gap T A T T
clone6 C gap T A T T

Samples cloned; position in bp of the differeneemfl in nucleotide sequence. Bold character highliifferences amomg cloned and
direct phased sequences

Appendix | Table 2: Variable nucleotide positionbip found in S7_2 (long fragment) among direct plesamples and their cloned
seqguences

Ribosomal Protein S7 (S7 2) - long sequence
Nucleotide position

samples/clones

61 62 494

cerf7 C G T
clone 1 G C A
clone 3 C G T
9c C G T
clone 3 C G A

Samples cloned; position in bp of the differeneemfl in nucleotide sequence. Bold character hiphliifferences amomg cloned and
direct phased sequences

Appendix |, Table 3: Variable nucleotide positionbp found in S7_2 (long fragment) among directggltbsamples and their cloned
seguences

Ribosomal Protein S7 (S7 2) - short sequence
Nucleotide position

samples/clones

36 268 415 416

cerf7 G A A T
clone 1 G G T T
clone_3 G A T A
clone 4 A A T A

Samples cloned; position in bp of the differeneemfl in nucleotide sequence. Bold character hiphliifferences amomg cloned and
direct phased sequences



APPENDIX I

Appendix II: Summary of polymorphism for each lo@aml each population

Gene Population Lenght (bp) Indels (bp) N Polymorphism S D R> Rm
h k Hd + SD n+ SD

Cyt Pop.1 733 15 3 0.612 0.514+0.029 0.000+0.000 2 -0.002 0.187 -
Pop.2 733 15 5 0.952 0.743+0.014 0.001+0.000 4 -0.045 0.160
Pop.3 733 30 2 31.034 0.517 +0.054 0.042+0.002 60 3.942 0.110 -
Pop.4 733 11 3 0.364 0.345+0.000 0.001+0.000 2 -0.005 0.200
Pop.5 733 17 2 13.456 0.221 £0.001 0.018 £0.000 61 0.093 0.135 -
Pop.6 733 14 4 34516 0.659 +0.012 0.047 £0.004 80 -0.082 0.141
Pop.7 733 20 1 0 0.000 £ 0.000 0.000+0.000 O NA NA -
Pop.8 733 15 2 0.533 0.133+0.034 0.001+0.000 4 -0.080* 0.160
Pop.9 733 19 5 1.111 0.673+0.119 0.002+0.000 4 -0.085 0.1305 -
Pop.10 733 8 4 13.214 0.750 £0.145 0.018 +0.002 36 -0.257 0.249
Pop.11 733 13 3 0564 0.513+0.041 0.001+0.000 2 0.350 0.141 -
Pop.12 733 20 7 9.463 0.742+0.014 0.011+0.001 38 0.013 0.043
Pop.13 733 6 3 0.933 0.733+0.124 0.001+0.000 2 0.310 0.130 -
Pop.14 733 6 4 19.000 0.867 £0.078 0.020+0.000 36 0.026  0.026
Pop.15 733 19 4 8.105 0.298 £0.110 0.010+0.001 31 -0.342  0.130* -
Pop.16 733 9 2 0.222 0.222+£0.006 0.000+0.000 1 -1.088 0.314
Pop.17 733 15 3 0.267 0.257+£0.056 0.000+0.000 2 -1.490 0.170 -
Pop.18 733 12 5 14.439 0.758 £0.008 0.020+0.003 28 2.498  0.255

N: number of sequencds; number of haplotypes; k: mean nuber of nucleatifferences among sequences; Hd: haplotype diyersinucleotide diversity, S: number of
segregating sites; Rm: minimum recombination evenatistically significant values for D and Rtatistics p<0.05
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Appendix II: Continued

Gene Population Lenght (bp) Indels (bp) N Polymorphism S D R> Rm
h k Hd + SD n+ SD

Gh_1 Pop.1 542-578 1 (36) 30 14 2.379 0.931+0.000 0.004+0.000 8 0.541 0.143 2
Pop.2 542-579 1 (36) 30 12 2110 0.910+0.029 0.003+0.000 5 0.163 0.211
Pop.3 542-587 4 (12,9, 36, 10) 60 11 5.277 0.865+0.000 0.010+0.000 17 1.358 0.154 2
Pop.4 542-578 1 (36) 22 8 2.364 0.874+0.001 0.004+0.000 6 1.351 0.ar7
Pop.5 542-587 2 (9, 36) 34 5 1529 0.622+0.002 0.002+0.000 10 -1.154* 0.074* -
Pop.6 533-587 3 (54,9, 36) 28 6 7.124 0.788 £0.001 0.014+0.001 17 2.188 0209
Pop.7 555-569 1(14) 40 2 2.146 0.358£0.070 0.003+0.000 6 1.391 0.178 -
Pop.8 555-569 1(14) 28 2 2.095 0.349+0.090 0.003+0.000 6 1.040 0.174
Pop.9 587 - 38 4 0549 0.514+0.062 0.000+0.000 3 -0.510* 0.105* -
Pop.10 587 - 16 4 0575 0.517+0.132 0.000+0.000 3 -1.055* 0.122*
Pop.11 587 - 26 5 0.643 0.557+0.104 0.001+0.000 4 -1.032* 0.085* -
Pop.12 533-587 1 (54) 40 6 1.140 0.641+0.003 0.002+0.000 12 -1.835* 0.108*
Pop.13 587 - 12 3 0.818 0.682+0.008 0.001+0.000 2 0.687 0.204 -
Pop.14 533-587 2 (54, 3) 12 6 2.803 0.879+0.060 0.005+0.000 12 -1.237* 0.214
Pop.15 533-587 1 (54) 38 6 4183 0.748+0.047 0.007£0.001 13 1.109 0.159 -
Pop.16 587 - 18 2 0.222 0.111£0.096 0.000+0.000 2 -1.507* 0.229
Pop.17 578-587 1(9) 30 4 1294 0.193+0.095 0.002+0.001 11 -1.718* 0.060* -
Pop.18 533-587 1 (54) 20 5 4074 0.568+0.119 0.007 £0.007 11 1.113 0.178

N: number of sequencds; number of haplotypes; k: mean nuber of nucleatifferences among sequences; Hd: haplotype diyersinucleotide diversity, S: number of
segregating sites; Rm: minimum recombination evenatistically significant values for D and Rtatistics p<0.05
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Appendix II: Continued

Gene Population Lenght (bp) Indels (bp) N Polymorphism S D R> Rm
h k Hd + SD n+ SD
Gh_2 Pop.1 1021 - 28 12 3521 0.894+0.035 0.004 +0.000 13 0.181 0.129 2
Pop.2 1020-1021 1 (1) 30 15 4.159 0.940 +0.022 0.004 +0.000 14 0.589 0.248
Pop.3 898-1021 6(51,13,3,95,22) 60 20 9.972 0.907 +0.023 0.011 +0.000 28 2.128* 0.177 2
Pop.4 1020-1021 1 (1) 20 14 3.753 0.968 +0.022 0.004 +0.000 15 -0.414* 0.114*

Pop.5 898-1021 6(5,1,13,3,95,22) 32 11 6.018 0.897+£0.026 0.006 + 0.001 26 -0.239* 0.115* 2
Pop.6 898-1023 8(5,6,3,95,22,1,1) 28 8 13.188 0.862 +0.036 0.014 +0.000 39 1176 (@166
Pop.7 918-1040 6 (3, 13, 20, 8, 95) 40 7 6.181 0.721 +0.057 0.006 + 0.000 14 2770 0.219 1
Pop.8 917-1040 7(3,1,13,20,8,95) 30 6 6.179 0.721 +0.074 0.006 + 0.001 14 2498 (@220
Pop.9 1023 - 38 2 0.309 0.309 +£0.080 0.000 * 0.000 1 0430 0.154* -

Pop.10 898-1023 5(6, 12, 95, 20, 1) 16 2 6.800 0.400 +0.114 0.007 + 0.002 17 1.297 0.200
Pop.11 898-1023 5(6, 12, 95, 20, 1) 26 3 2.723 0.342 +£0.110 0.003 +0.001 18 -1.498* 0.075* -
Pop.12 898-1023 5(6, 12, 95, 20, 1) 40 3 8.076 0.555 + 0.020 0.009 + 0.000 18 2966 0.224
Pop.13 898-1023 5(6, 12, 95, 20, 1) 12 3 9.439 0.621 +0.087 0.010 + 0.001 18 2544 0258 1
Pop.14 898-1023 5(6, 12, 95, 20, 1) 12 3 9.439 0.621 +0.087 0.010 +0.001 18 2.544 (1258
Pop.15 898-1029 6(6,12,95,22,1,1) 36 6 10.025 0.638 £0.082 0.011 +0.001 31 1.197 0.160 2
Pop.16 898 - 18 2 0.320 0.307 £0.132 0.000 = 0.000 2 -1.096* 0.125*
Pop.17 898-1021 5 (5, 13, 3, 95, 22) 30 5 2.090 0.593 +0.006 0.002 +0.001 25 -2.381* 0.158 -
Pop.18 898-1029 4 (13, 95, 22,1) 20 4 1.942 0.574 +0.009 0.002 + 0.002 16 -2.116* 0-178

N: number of sequencds; number of haplotypes; k: mean nuber of nucleatifferences among sequences; Hd: haplotype diyersinucleotide diversity, S: number of
segregating sites; Rm: minimum recombination evenatistically significant values for D and Rtatistics p<0.05
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Appendix II: Continued

Gene Population Lenght (bp) Indels (bp) N Polymorphism S D R> Rm
h k Hd + SD n+ SD

S7_1 Pop.1 345-352 1(7) 30 5 1.218 0.713+0.059 0.003+0.000 3 1.433 0.203* -
Pop.2 345-353 1(7,1) 30 3 1.202 0.605+0.045 0.003+0.000 3 1.383  0.200
Pop.3 341-354 4(1,3,7,1) 58 9 4912 0.786+0.033 0.014+0.001 15 1544 0.162 2
Pop.4 352 0 22 4 1.000 0.541+0.094 0.002+0.000 3 0.556  0.166
Pop.5 344-352 2(7,1) 34 4 2.012 0.576+0.056 0.005+0.001 11 -0.789* 0.091* 1
Pop.6 343-353 4(1,1,7,1) 26 4 6.228 0.726 £0.042 0.018+0.001 13 2.820 0239
Pop.7 329-343 4(1,1,28,12) 38 4 2306 0.619+0.047 0.007+0.002 11 -0.365* 0.103* -
Pop.8 329 0 30 3 0501 0.480+0.073 0.001+0.000 2 -0.014* 0.140
Pop.9 343 0 38 4 0.778 0.508+0.086 0.002+0.000 0.778 0.198 0.129 -
Pop.10 343-344 1(1) 16 5 1.250 0.775+0.068 0.003+0.000 4 0.115 0.156
Pop.11 343-344 1(1) 26 5 1.105 0.711+0.062 0.003+0.000 5 -0.444* 0.109 -
Pop.12 340-344 2(1,2) 40 4 0932 0.614+0.045 0.002+0.000 4 -0.021 0.117
Pop.13 340-344 2(1,2) 12 4 1.03 0.711+0.085 0.003+0.000 4 -0.781* 0.162 -
Pop.14 340-344 2(1,2) 12 4 1.303 0.712+0.105 0.003+0.000 4 -0.057 0.158*
Pop.15 341-343 5(1,4,6,3,7) 36 5 4067 0.741+0.044 0.012+0.002 15 0.403 0.133 -
Pop.16 344 0 18 4 1.392 0.647 £0.095 0.004+0.000 4 0.591* 0.174
Pop.17 341-352 3(1,3,7) 30 5 3.021 0.639+0.080 0.008+0.002 15 -0.681* 0.099* -
Pop.18 341-344 5(1,4,6,3,7) 20 7 3.705 0.768 £0.069 0.011+0.003 17 -0.848* 0-104*

N: number of sequencds; number of haplotypes; k: mean nuber of nucleatifferences among sequences; Hd: haplotype diyersinucleotide diversity, S: number of
segregating sites; Rm: minimum recombination evenatistically significant values for D and Rtatistics p<0.05
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Appendix II: Continued

Gene Population Lenght (bp) Indels (bp) N Polymorphism S D R> Rm
h k Hd + SD n+ SD

S7_2 Pop.1 556 - 30 4 1.179 0.733 £0.040 0.002 = 0.000 3 1.311 0.196 -
Pop.2 556 - 30 4 0.864 0.662+0.070 0.001 +0.000 2 1.458 0.216
Pop.3 556-562 5(5,2,2,2,3) 60 6 5.090 0.684 £ 0.040 0.009 +0.000 13 2.402 0.195 -
Pop.4 556 - 22 5 1.030 0.532+0.120 0.001 £ 0.000 1.030 -0.171* 0.128*
Pop.5 535-556 5(5,2,2,2,3,27) 34 7 4.480 0.800 £ 0.040 0.008 +0.001 13 1.316 0.170 -
Pop.6 558-562 6(5 2 2,2,3,6) 26 9 5.332 0.803 £0.070 0.009 +0.001 18 0.462 01145
Pop.7 567 - 40 3 0.404 0.273 £0.088 0.000 + 0.000 2 -0.266* 0,101* -
Pop.8 567 - 30 2 0.133 0.067 £0.061 0.000 + 0.000 2 -1.507* 0.179
Pop.9 562 - 36 5 0.708 0.563 £0.085 0.001 + 0.000 5 -1,076* 0.088* -
Pop.10 562 - 16 5 1.175 0.767 +£0.066 0.002 + 0.000 4 -0.079* 0.142*
Pop.11 562 - 26 5 0.855 0.655+0.077 0.001 +0.000 3 0.216 0.144 -
Pop.12 562 - 40 8 1.606 0.832 +0.028 0.002 + 0.000 6 0.370 0.133
Pop.13 562 - 12 3 0985 0.530+0.126 0.001 +0.000 3 -0.028* 0.164* -
Pop.14 558-562 4 (5, 2, 3, 6) 12 5 1.652 0.727 £0.113 0.002 £+ 0.001 8 -1.503* 0.451
Pop.15 558-562 4 (5, 2, 3, 6) 36 8 2.662 0.743 £0.064 0.004 +0.000 11 0.010 0.117 -
Pop.16 535-562 1(27) 18 3 0.680 0.523 £0.112 0.001 + 0.000 2 0.412  0.169
Pop.17 556-562 5(5,2,2,2,3) 30 4 1.871 0.579 +0.047 0.003 £0.001 12 -1.247* 0.076* -
Pop.18 558-562 4 (5, 2, 3, 6) 22 5 5.052 0.753 £0.057 0.009 + 0.001 17 0.304 0-146

N: number of sequencds; number of haplotypes; k: mean nuber of nucleatifferences among sequences; Hd: haplotype diyersinucleotide diversity, S: number of
segregating sites; Rm: minimum recombination evenatistically significant values for D and Rtatistics p<0.05
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Appendix llI: Accession number of haplotypes avaligain GeneBank and used for cytb MP and ML analyse

Species Acc. Num
B. caninus AF287424
AF287425

B. plebejus AY004750

B. tyberinus AF274356
AF274355
AF274354
AF397300

B. balcanicus GQ302790

GQ302792
B. petenyi GQ302804
GQ302805
B. barbus AF112123

B. meridionalis AF112130
AF045977

B.strumicae AF112134

AF112128
B. rebeli GQ302784
GQ302785
B. haasi AF334101

B. peloponnesiu&F112131
L. bocagei AF334064
L. microcephalus\F334085

L. comizo AF334050

Vil
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Appendix IV: P distance among haplotypes useddonsgtruct molecular cytb phylogeny of the geBasbus

1 Bcl

2 Bc2

3 Bc3

4 Bc4

5 Bcs

6 Bc6

7 Bc7

8 Bc8

9 Bc9

10 B.balcanicus
11 B.balcanicus
12 Bpl9

13 Bpl2

14 Bp13

15 Bpl4

16 B.plebejus
17 Bball5

18 Bball6

19 B.balcanicus
20 B.balcanicus
21 Bb17
22 Bb10
23 Bb18
24 B.barbus
25 Bt20
26 Bt11
27 Bt21
28 Bt22
29 Bt23
30 Bt24
31 Bt25
32 Bt26
33 Bt27
34 B.tyberinus
35 B.tyberinus
36 B.tyberinus
37 B.tyberinus
38 B.merionalis
39 B.merionalis
40 B.strumicae
41 B.strumicae
42 B.rebeli
43 B.rebeli
44 B.peteny
45 B.peteny
46 B.carpathicus
47 B.prespensis

48 B.peloponnesius

49 L.bocagei

50 L.microcephalus

51 B.haasi
52 L.comizo

0.00136
0.00136
0.00136
0.00273
0.00136
0.00136
0.00136
0.00136
0.06821
0.06821
0.08322
0.08322
0.08186
0.08322
0.08186
0.06958
0.06958
0.06276
0.06548
0.08049
0.08186
0.08186
0.08049
0.09004
0.09004
0.09004
0.09141
0.09277
0.08731
0.09004
0.08868
0.09004
0.08884
0.07856
0.07861
0.09823
0.09141
0.09550
0.08322
0.07640
0.06958
0.06821
0.08186
0.08868
0.07913
0.07231
0.07094
0.08595
0.09686
0.09277
0.09277

1

0.00273
0.00273
0.00409
0.00273
0.00273
0.00273
0.00273
0.06685
0.06685
0.08458
0.08458
0.08322
0.08458
0.08322
0.06821
0.06821
0.06139
0.06412
0.08186
0.08322
0.08322
0.08186
0.09141
0.09141
0.09141
0.09277
0.09413
0.08868
0.09141
0.09004
0.09141
0.09058
0.08032
0.08037
0.09959
0.09004
0.09413
0.08186
0.07503
0.06821
0.06685
0.08049
0.08731
0.07776
0.07094
0.06958
0.08458
0.09550
0.09141
0.09141

2

0.00273
0.00409
0.00273
0.00273
0.00273
0.00273
0.06821
0.06821
0.08322
0.08322
0.08186
0.08322
0.08186
0.06958
0.06958
0.06276
0.06548
0.08049
0.08186
0.08186
0.08049
0.09004
0.09004
0.09004
0.09141
0.09277
0.08731
0.09004
0.08868
0.09004
0.08874
0.07845
0.07849
0.09823
0.09141
0.09550
0.08458
0.07776
0.07094
0.06821
0.08322
0.09004
0.07913
0.07367
0.07231
0.08731
0.09686
0.09277
0.09277

3

0.00136
0.00273
0.00273
0.00273
0.00273
0.06958
0.06958
0.08458
0.08458
0.08322
0.08458
0.08322
0.07094
0.07094
0.06412
0.06685
0.08186
0.08322
0.08322
0.08186
0.09141
0.09141
0.09141
0.09277
0.09413
0.08868
0.09141
0.09004
0.09141
0.09044
0.08016
0.08021
0.09959
0.09277
0.09686
0.08458
0.07776
0.07094
0.06958
0.08322
0.09004
0.08049
0.07367
0.07231
0.08731
0.09823
0.09413
0.09413

4

0.00409
0.00409
0.00409
0.00409
0.07094
0.07094
0.08595
0.08595
0.08458
0.08595
0.08458
0.07231
0.07231
0.06548
0.06821
0.08322
0.08458
0.08458
0.08322
0.09277
0.09277
0.09277
0.09413
0.09550
0.09004
0.09277
0.09141
0.09277
0.09033
0.08004
0.08010
0.10095
0.09413
0.09823
0.08595
0.07913
0.07231
0.07094
0.08458
0.09141
0.08186
0.07503
0.07367
0.08868
0.09959
0.09550
0.09550

5

0.00273
0.00273
0.00273
0.06958
0.06958
0.08458
0.08458
0.08322
0.08458
0.08322
0.07094
0.07094
0.06412
0.06685
0.08186
0.08322
0.08322
0.08186
0.09141
0.09141
0.09141
0.09277
0.09413
0.08868
0.09141
0.09004
0.09141
0.08879
0.07855
0.07861
0.09959
0.09277
0.09686
0.08458
0.07776
0.07094
0.06958
0.08322
0.09004
0.08049
0.07367
0.07231
0.08731
0.09823
0.09413
0.09413

6

0.00273
0.00273
0.06958
0.06958
0.08458
0.08458
0.08322
0.08458
0.08322
0.07094
0.07094
0.06412
0.06685
0.08186
0.08322
0.08322
0.08186
0.09141
0.09141
0.09141
0.09277
0.09413
0.08868
0.09141
0.09004
0.09141
0.09052
0.08025
0.08030
0.09686
0.09277
0.09686
0.08458
0.07776
0.07094
0.06958
0.08322
0.09004
0.08049
0.07367
0.07231
0.08731
0.09823
0.09413
0.09413

7

0.00273
0.06958
0.06958
0.08458
0.08458
0.08322
0.08458
0.08322
0.07094
0.07094
0.06412
0.06685
0.08186
0.08322
0.08322
0.08186
0.09141
0.09141
0.09141
0.09277
0.09413
0.08868
0.09141
0.09004
0.09141
0.08893
0.07867
0.07871
0.09959
0.09277
0.09686
0.08458
0.07776
0.07094
0.06958
0.08322
0.09004
0.07776
0.07367
0.07231
0.08731
0.09823
0.09413
0.09413

8

0.06958
0.06958
0.08458
0.08458
0.08322
0.08458
0.08322
0.07094
0.07094
0.06412
0.06685
0.08186
0.08322
0.08322
0.08186
0.08868
0.08868
0.08868
0.09004
0.09141
0.08868
0.08868
0.08731
0.08868
0.08879
0.07855
0.07861
0.09959
0.09277
0.09686
0.08458
0.07776
0.07094
0.06958
0.08322
0.09004
0.08049
0.07367
0.07231
0.08731
0.09823
0.09413
0.09413

9

0.00000
0.07776
0.08049
0.07913
0.08049
0.07776
0.00819
0.00273
0.01228
0.01228
0.08595
0.08731
0.08731
0.08868
0.08458
0.08731
0.08731
0.08595
0.08731
0.08458
0.08458
0.08322
0.08458
0.09240
0.08536
0.08875
0.09277
0.07913
0.08049
0.08186
0.08595
0.08186
0.08458
0.09277
0.09686
0.05593
0.08049
0.08322
0.10641
0.11460
0.07913
0.11323

10

0.07776
0.08049
0.07913
0.08049
0.07776
0.00819
0.00273
0.01228
0.01228
0.08595
0.08731
0.08731
0.08868
0.08458
0.08731
0.08731
0.08595
0.08731
0.08458
0.08458
0.08322
0.08458
0.09240
0.08536
0.08875
0.09277
0.07913
0.08049
0.08186
0.08595
0.08186
0.08458
0.09277
0.09686
0.05593
0.08049
0.08322
0.10641
0.11460
0.07913
0.11323

11

0.00273
0.00136
0.00273
0.00273
0.07503
0.07776
0.07094
0.07913
0.03683
0.03820
0.03820
0.03956
0.02183
0.02183
0.02183
0.02046
0.02183
0.01910
0.02183
0.01774
0.01910
0.01876
0.01514
0.01180
0.03274
0.07094
0.07776
0.07231
0.06821
0.07503
0.07367
0.07503
0.07640
0.07367
0.06685
0.07640
0.08049
0.09141
0.06412
0.08458

12

VIl
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13 Bpl2

14 Bp13

15 Bpl4

16 B.plebejus
17 Bball5

18 Bball6

19 B.balcanicus
20 B.balcanicus
21 Bb17

22 Bb10

23 Bb18

24 B.barbus

25 Bt20

26 Btl11

27 Bt21

28 Bt22

29 Bt23

30 Bt24

31 Bt25

32 Bt26

33 Bt27

34 B.tyberinus
35 B.tyberinus
36 B.tyberinus
37 B.tyberinus
38 B.merionalis
39 B.merionalis
40 B.strumicae
41 B.strumicae
42 B.rebeli

43 B.rebeli

44 B.peteny

45 B.peteny

46 B.carpathicus
47 B.prespensis
48 B.peloponnesius
49 L.bocagei
50 L.microcephalus
51 B.haasi

52 L.comizo

0.00136
0.00273
0.00273
0.07776
0.08049
0.07367
0.08186
0.03411
0.03547
0.03547
0.03683
0.01910
0.01910
0.01910
0.01774
0.01910
0.01637
0.01910
0.01774
0.01910
0.01712
0.01349
0.01017
0.03274
0.06821
0.07503
0.07231
0.06821
0.07231
0.07094
0.07231
0.07367
0.07094
0.06412
0.07367
0.08049
0.09141
0.06139
0.08458

0.00136
0.00136
0.07640
0.07913
0.07231
0.08049
0.03547
0.03683
0.03683
0.03820
0.02046
0.02046
0.02046
0.01910
0.02046
0.01774
0.02046
0.01637
0.01774
0.01711
0.01351
0.01017
0.03138
0.06958
0.07640
0.07367
0.06685
0.07367
0.07231
0.07367
0.07503
0.07231
0.06548
0.07503
0.07913
0.09004
0.06276
0.08322

0.00273
0.07776
0.08049
0.07367
0.08186
0.03683
0.03820
0.03820
0.03956
0.02183
0.02183
0.02183
0.02046
0.02183
0.01910
0.02183
0.01774
0.01910
0.01886
0.01526
0.01192
0.03274
0.07094
0.07776
0.07503
0.06821
0.07503
0.07367
0.07503
0.07640
0.07367
0.06685
0.07640
0.08049
0.09141
0.06412
0.08458

Appendix 1V: continued

0.07776
0.08049
0.07367
0.08186
0.03683
0.03820
0.03820
0.03956
0.02183
0.02183
0.02183
0.02046
0.02183
0.01910
0.02183
0.01774
0.01910
0.01881
0.01521
0.01187
0.03274
0.07094
0.07776
0.07503
0.06821
0.07503
0.07367
0.07503
0.07640
0.07367
0.06685
0.07640
0.08049
0.09141
0.06412
0.08458

0.00546
0.01228
0.01228
0.08322
0.08458
0.08458
0.08595
0.08186
0.08458
0.08458
0.08322
0.08458
0.08186
0.08186
0.08049
0.08186
0.08895
0.08191
0.08529
0.09004
0.07640
0.07776
0.07913
0.08322
0.07913
0.08186
0.09277
0.09550
0.05457
0.07776
0.08049
0.10368
0.11187
0.07640
0.11050

0.01228
0.01228
0.08595
0.08731
0.08731
0.08868
0.08458
0.08731
0.08731
0.08595
0.08731
0.08458
0.08458
0.08322
0.08458
0.09229
0.08525
0.08864
0.09277
0.07913
0.08049
0.08186
0.08595
0.08186
0.08458
0.09277
0.09686
0.05593
0.08049
0.08322
0.10641
0.11460
0.07913
0.11323

0.01364
0.08186
0.08322
0.08322
0.08458
0.08049
0.08322
0.08322
0.08186
0.08322
0.08049
0.08049
0.07913
0.08049
0.08759
0.07725
0.07726
0.08868
0.07776
0.07913
0.08049
0.07913
0.07776
0.07776
0.08595
0.08731
0.05457
0.07367
0.07913
0.09959
0.11050
0.07776
0.10641

0.08458
0.08595
0.08595
0.08731
0.08322
0.08595
0.08595
0.08458
0.08595
0.08322
0.08322
0.08186
0.08322
0.09080
0.08378
0.08716
0.09141
0.08049
0.08186
0.08322
0.08186
0.07503
0.08322
0.09141
0.09277
0.05184
0.07913
0.07640
0.10232
0.11187
0.08049
0.10914

21

0.00136
0.00136
0.00273
0.03956
0.03956
0.03683
0.03820
0.03956
0.03411
0.03956
0.03820
0.03956
0.04067
0.03701
0.03371
0.05457
0.07231
0.07640
0.06276
0.06412
0.06139
0.06139
0.06821
0.06958
0.07094
0.06139
0.06276
0.08322
0.08322
0.06139
0.08731

0.00273
0.00409
0.04093
0.04093
0.03820
0.03956
0.04093
0.03547
0.04093
0.03956
0.04093
0.04226
0.03859
0.03530
0.05593
0.07367
0.07776
0.06412
0.06548
0.06276
0.06276
0.06958
0.07094
0.07231
0.06276
0.06412
0.08458
0.08458
0.06276
0.08868

0.00136
0.04093
0.04093
0.03820
0.03956
0.04093
0.03547
0.04093
0.03956
0.04093
0.04065
0.03701
0.03370
0.05593
0.07367
0.07776
0.06412
0.06548
0.06276
0.06276
0.06958
0.07094
0.07231
0.06276
0.06412
0.08458
0.08458
0.06276
0.08868

0.04229
0.04229
0.03956
0.04093
0.04229
0.03683
0.04229
0.04093
0.04229
0.04062
0.03699
0.03369
0.05730
0.07503
0.07913
0.06548
0.06685
0.06412
0.06139
0.07094
0.07231
0.07367
0.06412
0.06548
0.08595
0.08595
0.06412
0.09004
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Appendix 1V: continued

25 26 27 28 29 30 31 32 33 34 35 36
25 Bt20 -
26 Bt11 0.00273 -
27 Bt21 0.00273 0.00273 -
28 Bt22 0.00136 0.00136 0.00136 -
29 Bt23 0.00273 0.00273 0.00273 0.00136 -
30 Bt24 0.00546 0.00546 0.00546 0.00409 0.00546 -
31 Bt25 0.00273 0.00273 0.00273 0.00136 0.00273 0.00546 -
32 Bt26 0.00409 0.00409 0.00409 0.00273 0.00409 0.00682 0.00409 -
33 Bt27 0.00273 0.00273 0.00273 0.00136 0.00273 0.00546 0.00273 0.00136 -
34 B.tyberinus 0.00353 0.00177 0.00347 0.00177 0.00353 0.00177 0.00353 0.00351 0.00176 -
35 B.tyberinus 0.01663 0.01825 0.01993 0.01822 0.01999 0.01816 0.01999 0.01664 0.01825 0.02020 -
36 B.tyberinus 0.02004 0.01831 0.01664 0.01827 0.02004 0.01822 0.02004 0.01668 0.01829 0.02020 0.01347 -
37 B.tyberinus 0.02319 0.02319 0.02319 0.02183 0.02319 0.02319 0.02319 0.02183 0.02046 0.01365 0.03013 0.03013
38 B.merionalis 0.07231 0.07231 0.07231 0.07094 0.07231 0.06958 0.06958 0.07094 0.07231 0.07218 0.07192 0.07198
39 B.merionalis 0.07913 0.07913 0.07913 0.07776 0.07913 0.07640 0.07640 0.07776 0.07913 0.08051 0.08026 0.08032
40 B.strumicae 0.07776 0.08049 0.07776 0.07913 0.08049 0.07503 0.07776 0.07913 0.08049 0.07723 0.07030 0.06696
41 B.strumicae 0.07367 0.07367 0.07094 0.07231 0.07367 0.07094 0.07094 0.06958 0.07094 0.07765 0.06909 0.06401
42 B.rebeli 0.07640 0.07913 0.07640 0.07776 0.07913 0.07367 0.07640 0.08049 0.07913 0.08077 0.07711 0.07044
43 B.rebeli 0.07913 0.08186 0.07913 0.08049 0.08186 0.07640 0.08186 0.08049 0.08186 0.08226 0.06524 0.06531
44 B.peteny 0.08322 0.08322 0.08049 0.08186 0.08322 0.08049 0.08322 0.08186 0.08322 0.08072 0.07385 0.06376
45 B.peteny 0.08186 0.08458 0.08186 0.08322 0.08458 0.08186 0.08458 0.08322 0.08458 0.08262 0.06907 0.06571

46 B.carpathicus 0.07094 0.07094 0.07367 0.07231 0.07367 0.06821 0.07367 0.07231 0.07367 0.07052 0.06689 0.07029
47 B.prespensis 0.06958 0.07231 0.06958 0.07094 0.07231 0.06685 0.06958 0.07094 0.07231 0.06923 0.06228 0.05562
48 B.peloponnesius 0.07776 0.08049 0.07776 0.07913 0.08049 0.07503 0.07776 0.08186 0.08049 0.08237 0.07870 0.07204

49 L.bocagei 0.09277 0.09550 0.09277 0.09413 0.09550 0.09004 0.09277 0.09141 0.09277 0.08988 0.07952 0.07282
50 L.microcephalus 0.09550 0.09823 0.09550 0.09686 0.09823 0.09277 0.09550 0.09413 0.09550 0.09815 0.09792 0.09458
51 B.haasi 0.06139 0.06412 0.06412 0.06276 0.06412 0.06139 0.06139 0.06276 0.06412 0.06216 0.05864 0.05867
52 L.comizo 0.09413 0.09686 0.09413 0.09550 0.09686 0.09141 0.09413 0.09550 0.09413 0.09159 0.08791 0.08122
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37 38 39 40 41 42 43 44 45 46 a7 48 49 50 51
37 B.tyberinus 0.07913 -
38 B.merionalis 0.08595 0.00682 -
39 B.merionalis 0.09141 0.07640 0.08049 -
40 B.strumicae 0.08049 0.07231 0.07640 0.06139 -
41 B.strumicae 0.08595 0.07913 0.08322 0.05184 0.05321 -
42 B.rebeli 0.09141 0.07913 0.08322 0.05866 0.06003 0.03820 -

43 B.rebeli 0.09413 0.09141 0.09550 0.07503 0.06139 0.06003 0.05593 -
44 B.peteny 0.09686 0.09550 0.09959 0.07367 0.06548 0.05866 0.05457 0.03001 -
45 B.peteny 0.08186 0.06958 0.07094 0.07503 0.07776 0.07367 0.07231 0.08731 0.09277 -

46 B.carpathicus 0.08186 0.08049 0.08458 0.04911 0.04638 0.03411 0.03820 0.05730 0.04638 0.07094 -
47 B.prespensis 0.08731 0.08049 0.08458 0.05321 0.05457 0.00136 0.03956 0.06139 0.06003 0.07503 0.03547 -
48 B.peloponnesius 0.08868 0.09959 0.10232 0.08458 0.08868 0.08186 0.09004 0.09959 0.09277 0.10095 0.07913 0.08322 -

49 L.bocagei 0.09413 0.10368 0.10641 0.09823 0.09686 0.09004 0.09823 0.10505 0.09823 0.10368 0.09004 0.09141 0.04229 -
50 L.microcephalus 0.07913 0.04366 0.05048 0.07094 0.08049 0.08049 0.08049 0.09004 0.09141 0.06685 0.07640 0.07913 0.10232 0.10641 -
51 B.haasi 0.08868 0.10914 0.11187 0.09686 0.09823 0.08595 0.09413 0.10095 0.09686 0.10505 0.08595 0.08731 0.01637 0.04229 0.10914

Xl



