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EXTENDED ABSTRACT

Intraspecific diversity, i.e. the genomic and phenotypic diversity present within and among populations, is
the basis for species adaptation and diversification, thus understanding its magnitude and the mechanisms
that originate and maintain it, is fundamental for the conservation of biodiversity.

Such diversity is particularly high in freshwater fishes, as severe limitations to populations’ gene flow,
between different hydrographic networks or even within the same basin, are responsible for high
intraspecific genetic differentiation. In addition in these taxa, several mechanisms of morphological
adaptations are known to generate phenotypic variations across populations inhabiting different
environments within species’ ranges.

Considering that the Mediterranean area is a hotspot of freshwater fish diversity with many threatened
species, | decided to investigate the genetic and morphological diversity within the South European roach
Sarmarutilus rubilio, an endemic Italian species that is currently classified as Vulnerable by the International
Union for the Conservation of Nature. Due to its wide ecological niche, this species is present in several
basins, which are characterized by different environmental features and past hydrogeological history; so S.
rubilio was considered a good model for testing the existence of still undetected intraspecific diversity, the

knowledge of which will help future conservation interventions for this species.

Chapter 1 - Phylogeography of Sarmarutilus rubilio (Cypriniformes: Leuciscidae):
Complex Genetic Structure, Clues to a New Cryptic Species and Further Insights

into Roaches Phylogeny

Italy hosts 27 endemic and sub-endemic freshwater fish species and their origin and distribution is strongly
related to its complex paleogeographic and paleoclimatic history: tectonic movement and sea-level
variations during Miocene and Pleistocene promoted genetic diversification and allopatric speciation, and
mountainous ridges isolated native species from the postglacial expansions of Eastern-European ones.
Geological events determined different fish species assemblages, geographically localized within the Italian

peninsula, so that three distinct ichthyogeographic districts were recognized, named Padany-Venetian (PV),



Tuscany-Latium (TL), and Apulia-Campania (AC), but their borders are still not clearly defined. The South
European roach Sarmarutilus rubilio inhabits various freshwater environments across the three Italian
districts, and sightings of this species were reported also in Albanian lakes. Thus its distribution could likely
disguise a strong genetic structure, which was also suggested by preliminary data that evidenced high
intraspecific clusters divergence.

Starting with these assumptions, | investigated both the complete mitochondrial control region (CR) in
almost two hundred specimens from the whole species range and the barcoding portion of the cytochrome
oxydase | (COIl) in a subset of Italian and Albanian Sarmarutilus-like individuals, to test the presence of
different South European roach genetic clusters in Italy and assess the relationship between ltalian and
Albanian fishes. For the latter purpose comparisons with COI sequences from almost all other roach species
(which inhabit the basins from Central Europe to Ponto-Caspian region) were also performed to better
assess their taxonomical status. In addition, | analyzed two nuclear markers (Cyprinid formerly unknown
nuclear Polymorphism — Cyfun P, and 1° intron of the ribosomal protein S7 — RpS7) in a few ltalian
specimens showing a highly divergent COI profile to obtain further insights about S. rubilio phylogeography.
The results highlighted a marked genetic divergence between S. rubilio and all other roach species,
including Albanian individuals, and among Italian samples, they revealed the existence of three deeply
divergent geographic haplogroups (lineages), named A, B and C, whose distribution only partially matched
the extension of Italian ichthyogeographic districts. Haplogroup C likely corresponds to a new putative
cryptic species (its status is supported by divergence in both mitochondrial and nuclear markers despite the
lack of morphological differences) and is located exclusively at the northern border of the South European
roach range (Magra-Vara basin); haplogroup B is restricted to South ltaly and fixed in the Fondi plain;
haplogroup A is widespread across the entire range, both in Tyrrhenian and Adriatic slope of Italy, and in
some sites, it is in co-occurrence with C or B. These lineages likely originated in allopatry, as a consequence
of the tectonic uplifting of the Apuan Alps in the north and of the Colli Albani Volcano in the south during
the Pleistocene, which promoted isolation and vicariance. Moreover, subsequent secondary contacts
through sea level variations and even river captures along the Apennine Mountains were responsible for

the observed lineage coexistence in some of the investigated sites. Finally, considering the overall complex



genetic structure of S. rubilio and the genetic uniqueness of populations in Magra Vara basin (where
lineage C was found) and Fondi plain in Southern Lazio (where lineage B was fixed), | suggested focusing
conservation interventions on these two geographic areas and to avoid translocation of Sarmarutilus

between different basins for sustaining the declining ones.

Chapter 2 - Phenotypic plasticity over genetic diversity: ecomorphological
patterns revealed in the eurytopic and threatened Italian endemic freshwater fish

Sarmarutilus rubilio (Bonaparte, 1837)

Correct assessment of diversity among freshwater fishes, which is crucial for their conservation, could be a
challenging task. Indeed numerous cases of cryptic species are reported, i.e. species that can be recognized
and discriminated only by molecular approaches, and this can lead to underestimation of the actual
diversity; on the other hand, several taxa show intraspecific morphological diversity across their geographic
range, as a response faced by different populations to changes in environmental features (i.e. phenotypic
plasticity), and misinterpreting this phenomenon can cause species inflation. Moreover genetic and
morphological diversity may be correlated, especially when differences in phenotypic traits are genetically
fixed between diverging populations. Within the South European roach Sarmarutilus rubilio, a freshwater
fish endemic of the Italian peninsula, three different genetic lineages (named A, B, C) with distinct
geographic distributions were found; lineage C divergence from the others was high suggesting it could
belong to a new species, but no morphological differences were observed. In addition, the South European
roach is an omnivorous species with a broad ecological niche: it can be found in different freshwater
ecosystems, from streams to lakes and reservoirs, from sea level to 1250 m above the sea; therefore any
attempt to investigate morphological differences among lineages should take into account the putative
effect of phenotypic plasticity.

In this study, | analysed 202 S. rubilio specimens from 13 sampling sites (12 lotic and 1 lentic freshwater
environments), to assess the degree of body shape variation in this species and test the existence of

morphological differences associated with different genetic backgrounds, i.e. between lineages, and/or



environmental parameters. In detail geometric morphometrics analysis was performed to evaluate
morphological differences in fishes’ body shape, using seventeen landmarks identified on specimens' left
side. Genetic diversity was assessed using the mitochondrial Control Region (CR), while differences among
sampling sites were defined using measures of seventeen environmental parameters, such as site
elevation, stream depth, percentage of pools and vegetation in the investigated watercourse.

Low statistical support was found for the relationship between morphological and genetic differences,
anyway lineage B specimens showed deepest body shapes than those belonging to A and C, and no
morphological differences were observed between the latter two, despite their high genetic divergence.
Conversely, the correlation between morphological and overall environmental parameters was more
relevant and revealed some interesting outcomes. Streamlined body shapes were observed in sites scarcely
altered by human intervention and with fast water flow, and on the opposite deeper body shapes were
observed in canals and one reservoir with slow/still water flow. This is consistent with the “shape-water
velocity” patterns observed in other fish species: indeed streamlined body shapes are suited for swimming
in high water flow, as they minimize drag; conversely, deep body shapes are fitted for complicated
locomotor patterns where water flow is slower. In conclusion, the results suggested morphological diversity
in the South European roach is mainly the result of phenotypic plasticity in response to hydrodynamic
patterns rather than of different genetic backgrounds, and in particular that water velocity may be the
major driver in determining morphological responses. Knowledge about S. rubilio intraspecific
morphological variation will be useful to predict the effects of habitat alterations (e.g. water abstraction
and climatic changes) on lineages’ and populations' survival and thus for their sustainable management and

conservation.

Chapter 3 - Microsatellite polymorphism in Sarmarutilus rubilio: insights into the

complex phylogeographic history of an Italian endemic freshwater fish

In freshwater fish species microsatellite loci are very useful in disentangling genetic structure. Due to their
high mutation rate, they can provide insights about recent isolation or contemporary gene flow between

populations and complement mitochondrial investigations, which generally better depict historical



processes. Phylogeographic investigations in Sarmarutilus rubilio, based on mitochondrial markers analysis,
revealed that three different lineages originated in allopatry during the Pleistocene and that they currently
coexist in some sites, both in northernmost (Magra-Vara basin) and southernmost (South Italy) areas of this
species’ native range. Moreover, open questions remained, i.e. whether the observed coexistence was the
result of a past temporary connection between basins, or the consequence of human-mediated
translocation of specimens in the last centuries, and whether further genetic subdivision exists within
lineages for populations belonging to different basins. Therefore | further investigated the genetic structure
of S. rubilio using 9 microsatellite loci in the same populations previously characterized for the
mitochondrial markers. The results revealed strong correlation with previously observed mitochondrial
genetic structure, and also highlighted differentiation between populations where two lineages coexist and
the others, suggesting their independent evolution after the occurred temporary connection between
basins. The strongest differentiation was observed for populations from a restricted area between Central
and South ltaly (i.e. Fondi plain) where lineage B was fixed, likely due to their long-term isolation. Alleles
strictly associated with lineage B were found, but none was conversely observed for lineage C. Thus its
putative cryptic species status, highlighted by previous phylogeographic investigation, was not supported.
As expected further genetic substructures were revealed also at the interbasin level within lineage A;
noteworthy the lack of differentiation between the Tiber River (in the Tyrrhenian slope) and Tronto River
(in the Adriatic one) isolated by the Apennine chain could be likely due to the translocations of specimens.

Finally, microsatellite investigations highlighted the genetic uniqueness of populations in the Magra-Vara
basin and Fondi plain, which have limited geographic extension, and therefore they may be more
susceptible to habitat alterations due to climate change or human activities, or to other threats such as the
introduction of allochthonous species. It is highly recommended to consider these populations as distinct
Management Units and prioritize them in conservation actions required by the European Habitats Directive

for S. rubilio.



ANSWERS TO THE REVIEWERS

In this section | reported the main changes that | made in the first version of the thesis according to the
reviewers’ suggestions, for which | would like to really thank them.

In the Introduction section, | provided further information about factors affecting neutral genetic diversity
and fixed misleading sentences about freshwater fish diversity in the Mediterranean basin, also providing
new references. In addition, | clarified my contribution to the collection of data and the presentation of
general information.

Since the first chapter was already published and found to be well done by the reviewers, there was no
need for changes. However | appreciated hints by Dr. Fruciano about testing the hypothesis of genetic
structure, and that will be very useful for the preparation of the paper on microsatellites and future
studies.

In the second chapter, | checked out all the suggestions, which were here provided only by Dr. Fruciano: |
recognized that the correlation between genetic and morphological distances had to be calculated using
sampling site means rather than the pairwise comparisons between specimens, and that disparity in
variation between different genetic lineages had to be corrected removing the effect of the sampling site.
While the results didn’t changed for genetic-morphological distances (i.e. again no correlation between
them was found), the new disparity test rejected the significant differences found in the first version of the
thesis, thus being also more congruent with the other outcomes of this chapter. | also double-checked
other minor issues raised by the reviewer with further recalculations, that confirmed the observed results
and thus demonstrated the robustness of the methods used.

In the third chapter minor issues were indicated, regarding the redundant hypothesis of genetic diversity
(AMOVA) and missing values (NMDS): these were easily and rapidly addressed. On the other hand, also
considering that additional microsatellite loci analysis is undergoing (to reach a higher number of lociand
submit reliable and robust results for publication), the reviewer suggested to re-use quantitatively the data
from the first two chapters, to improve the quality of the paper. | began this analysis and | tested the

correlation between microsatellites and mitochondrial genetic structures (I added this result). Coupling



microsatellite and morphological data turned out to be more complicated. | explored the correlation
between the two datasets using PLS analysis, but the results were likely biased by the strong microsatellite
genetic structure. Other analysis considered not strictly necessary for the purpose of completing/defending
the PhD by the reviewers (like testing the eventual correlation between loci putatively under selection and
environmental factors) will be performed using linear models, when all the microsatellite genotypes will be
available, and will be included in the publication.

The final correction was made in the conclusions section according to the suggestion of Dr. Sabatini, i.e.

making the indications of conservation and management more consistent with the context of the thesis.



INTRODUCTION

Intraspecific diversity in freshwater fishes

Intraspecific diversity, i.e. the genomic and phenotypic diversity found within and among populations, is the
basis for species adaptation and diversification. Mechanisms that originate and maintain it across and
within taxa are therefore fundamental for the full understanding of evolutionary models (Fruciano et al.,
2016; Salisbury et al., 2020) and the conservation of biodiversity (Caballero & Garcia-Dorado, 2013;
Forsman & Wennersten, 2016; Mimura et al., 2017).

In freshwater fishes, the amount and distribution of intraspecific neutral genetic diversity (i.e. that which
has no direct effect on individual fitness) differ across geographic regions, as they are mainly linked to past
hydrogeological processes, i.e. geological evolution of geographic regions that affected the connections
between hydrogeographic basins, determining populations' isolation and genetic divergence, migrations,
secondary contact events as well as present gene flow (Won, Jeon, & Suk, 2020; Perea et al., 2021;
MacGuigan, Orr, & Near, 2023). Furthermore, distinct patterns of genetic structure can be identified
between species, as the result of the interactions between (hydro)geological events and species-specific
characteristics, like life-history traits (Martinez, Willoughby & Christie, 2018), dispersal capabilities and
habitat preferences (Pilger et al., 2017; Hu et al., 2022), as well as stochastic processes, like genetic drift in
small populations (Pavlova et al., 2017).

In addition to intraspecific genetic diversity, phenotypic variation within freshwater fish species is often
observed across their geographic range. This could be the consequence of diverging characteristics fixed
through genetic drift (Adkison, 1995; Gallant et al., 2011) or natural selection, the latter providing local
adaptations of populations that evolved in different environments (Hendry, Taylor, & McPhail, 2002;
Jeukens & Bernatchez, 2012). On the other hand observed variations may be the response faced by
different populations to changes in environmental features, i.e. phenotypic plasticity (Langerhans &

Makowicz, 2009; Kelley et al., 2017; Kristjansson et al., 2018; Lema et al., 2019).



Study area: the Italian Peninsula

Mediterranean basin hosts 460 native freshwater fish species 292 of which are endemic, as recorded by
Tierno de Figueroa et al. in 2013, and since then several new species were recognized (Denys et al., 2014;
Mangit & Yerli, 2018; Lorenzoni et al., 2021). Such diversity is the result of millions of years of complex
paleogeographic and paleoclimatic events: tectonic movement in Miocene, sea-level variations occurred
during Messinian Salinity Crisis and Pleistocene glacial/interglacial periods, promoted genetic diversification
and allopatric speciation across Mediterranean peninsulas (Perea et al., 2010; Seifertova et al., 2012);
afterwards, mountainous ridges (e.g. Alps, Pyrenees) isolated native freshwater fishes from the post-glacial
expansion of East-European species (Lévéque et al., 2008).

Italy hosts 61 native species, 27 of which are endemic or sub-endemic (AlIAD, 2021). Their distribution is
not homogeneous across the Italian peninsula and most of them inhabit only a few adjacent basins. Based
on their distinct species assemblage three different ichthyogeographic districts were recognized: Padany-
Venetian (PV, i.e. Po valley and northern Adriatic basins), Tuscany-Latium (TL, i.e. Thyrrenian basins from
Eastern Liguria to Tiber River), and Apulia-Campania (AC, i.e. approximately Tyrrhenian and Adriatic basins
of South ltaly) (Bianco, 1995, 2014).

Such diversity is threatened by the introduction of invasive species, whose number equals that of the native
ones (AlIAD, 2021), and by other anthropogenic impacts such as habitat degradation, water pollution and
abstraction (Rondinini, Battistoni, & Teofili, 2022); moreover, impending climate changes are expected to
increase the natural high seasonal fluctuations of water flow of Mediterranean rivers, posing another
threat to the survival of fish populations (Vardakas et al., 2017).

In this context data about intraspecific genetic and morphological diversity are fundamental for identifying
populations with unique characteristics across species ranges and making predictions about their response
to habitat alterations, which is the background for planning effective management and conservation
interventions (Berbel-Filho et al., 2016; Kaus et al., 2019; Potts, Mandrak, & Chapman, 2021; Finger et al.,

2022).



The target species: Sarmarutilus rubilio (Bonaparte, 1837)

The target species of this study is the South European roach Sarmarutilus rubilio (Bonaparte, 1837), the
unique species of the genus, classified as Rutilus rubilio until the identification of significant morphological
and genetic differences with the other species of the Rutilus genus (Bianco & Ketmaier, 2014). It’s a small-
medium sized freshwater fish species, belonging to the Leuciscidae family - previously included in the
Cyprinidae, see (Schénhuth et al., 2018) - endemic to the Italian peninsula: it is distributed from North-
Central to Southern ltaly, with most of the population localized in basins of the Tyrrhenian slope (from
River Magra North to River Sele South, i.e. TL and AC district) and some in the Adriatic basin (from River
Tronto in the North to River Trigno in the South, i.e. PV and AC district) (Bianco & Ketmaier, 2014).
Therefore, although it is mainly present in the TL ichthyogeographic district, its range includes also the
other two districts. Moreover, S. rubilio was translocated in many basins of Sicily and the southern part of
the Italian Peninsula (e.g. Calabria region) (Bianco et al., 2013) so the border between the native and
introduced ranges remains unclear. The South European roach was translocated even in Tunisia (Djait et al.,
2019) and Turkey (Keskin, Unal, & Atar, 2016), and in the past decades there were also claims about this
species (or subspecies) being present in Albanian lakes (Mari¢, 2010), although the taxonomical status of
these fishes is still debated (Milosevic et al., 2011; Bianco & Ketmaier, 2014; Geiger et al., 2014).

The South European roach is an omnivorous species with a broad ecological niche (Balestrieri et al., 2006)
and it could be found in still waters (both natural lakes and artificial dam reservoirs), small rivers, streams
and canals, on substrates with rocks, pebbles, sand and gravel, but also muddy and rich in submerged
vegetation, mainly in lowland and hilly areas, though some populations were also found at 1250 m above
sea level (Bianco et al., 2013; Di Tizio & Di Felice, 2016).

Despite being a eurytopic species, the number and size of its populations are declining and its range
reduced by over 30% in 10 years (Bianco et al., 2013), mainly due to the introduction of allochthonous
species, such as the morphologically and ecologically similar roaches Leucos aula and Rutilus rutilus (Di Tizio
& Di Felice, 2016). Indeed when | started working on this species, in 2019, S. rubilio was still classified in the

Near-Threatened IUCN risk assessment category (Bianco et al., 2013), while recently its conservation status

10



has been updated to Vulnerable (Rondinini et al., 2022). Finally, the species is listed in Annex Il of the
European Union Habitats Directive, which includes species of community interest whose conservation

requires the designation of special areas of conservation (EEC, 1992).

Scientific gaps in Sarmarutilus rubilio and main objectives of the thesis

Considering that the South European roach inhabits basins across three different ichthyogeographic
districts, which evolved mostly independently of each other, and that the genetic structure of freshwater
fishes is strongly dependent on past geological, climatic and hydro-morphological events, the distribution
of this species could likely disguise a strong genetic differentiations across its native range.

Indeed a previous barcoding study on freshwater fish taxa across the Mediterranean area, listed S. rubilio
among those species characterized by high intraspecific diversity (Geiger et al., 2014), but since then no
further investigations explored this outcome. Moreover, despite morphological variations between S.
rubilio populations reported by local fishermen (Tancioni 2019, personal communication), no data in the
literature was found about this topic.

Bridging the knowledge gap on intraspecific diversity in the South European roach, a threatened species
will thus provide insights into the role of geological events and environmental features in shaping
divergence across its range. These data are fundamental for the identification of populations with unique
characteristics and thus for defining management units for conservation (Allendorf, 2017).

In detail, the aims of this research are:

e To identify the genetic structure of the species at different geographical scales, i.e. test the
existence of distinct and geographically localized evolutionary lineages and assess the amount of
genetic differentiation between populations, thus the effects of historical and recent events in
shaping it (Chapters 1 and 3)

e To test the existence of morphological differentiation between populations and assess whether it
has a genetic base and/or is mainly due to the interaction between sampling sites’ environmental

parameters and specimens’ phenotypic plasticity (Chapter 2)

11



e On the bases of previous points, to provide tips for species conservation (Chapters 1, 2 and 3, see

also General conclusions)

Author’s contribution, thesis structure, specific aims and results

During the three years of my doctorate course, | collected on the field tissues and photos for about three
hundred specimens of S. rubilio, thanks to the collaboration with Prof. Lorenzo Tancioni from the
Department of Biology, University of Rome “Tor Vergata”, who provided the equipment and the know-how
for sampling activities. Subsequently, | performed all the analyses reported in the thesis, with the
fundamental help of my tutors, Prof. Anna Rita Rossi and Dr. Paolo Colangelo, which gave me suggestions
about the most appropriate approaches for data investigations and supervised the writing of the
thesis/scientific papers. Finally, master's degree students Annarita Ricci and Camilla Polinori helped me
with laboratory activities. The thesis is structured into three chapters, as most of my investigations were
organized as scientific papers: the first was already published by the journal Genes, the second has been
submitted to the Biological Journal of the Linnean Society, and the third needs additional data to be
submitted ( i.e. results from four further microsatellite loci and additional analyses, which are currently

undergoing to provide more reliable results).

Chapter 1 — using mitochondrial (COl and CR) and nuclear (CyfunP and S7) markers to test the existence of
different genetic groups within S. rubilio and make inferences about the species' phylogeography. Three
intraspecific divergent lineages were found, one being a putative new cryptic species; they likely originated

in allopatry, subsequently, secondary contact events between them occurred in some sites.

Chapter 2 — geometric morphometrics analysis was performed to assess the amount of body shape
variation between specimens and populations. To investigate the contribution of genetic and
environmental features, the possible correlation of data with CR lineages and seventeen different
environmental parameters was also assessed. The data suggested that morphological diversity in the South
European roach is mainly the result of phenotypic plasticity in response to different environmental drivers

(i.e. lotic vs lentic hydrodynamic patterns) rather than to different genetic backgrounds.

12



Chapter 3 — specimens were genotyped at nine microsatellite loci to assess the amount of genetic
differentiation between populations, and make inferences about recent isolation and divergence events
and/or ongoing gene flow among them. Results mostly confirmed the outcomes of mitochondrial analysis
(Chapter 1), however, the existence of a cryptic species was not confirmed by microsatellites. On the
contrary, typical alleles were associated with one of the other lineages. Data revealed that secondary
contact between lineages didn’t occur in recent times and highlighted further genetic substructure
between geographically close basins. Data on four further microsatellite loci will be added and a new
analysis combining microsatellites diversity with morphological data from the previous chapter will be

performed, to refine and deepen the outcomes.

13



Considering that the number of sites and specimens analyzed was mostly the same but slightly differed
among the three chapters to best achieve their specific aims and adapt to the ongoing analysis and
outcomes, in the following table there is a summary of the markers/approaches and number of specimens

for each sampling site

Summary Table of sites and S. rubilio specimens analysed with the different main approaches.
In the mtDNA column: in black data reported in Chapter 1, in red new data obtained and reported in Chapter 2 for

comparison with geometric morphometric analysis.

Drainage basin | Sampling site mtDNA-CR | Geometric Morphometrics | Microsatellites
Magra-Vara VAR1 13 - --
Magra-Vara VAR2 20+1 21 20
Tronto TRO (TRO2 in chapter 2) | 18 12 15
Tronto TRO1 6 6 --
Foro FOR (FOR2 in chapter2) | 16 9 17
Foro FOR1 7 7 -
Arrone ARR 15 15 20
Tiber TIB1 33 31 --
Tiber TIB2 4+6 6 18
Tiber TIB3 27 27 25
Fondi SET 20 20 20
Fondi FON 16 16 15
San Puoto SPU 7 -- -
Santa Croce SCR 32 8 22
Liri-Garigliano GAR 24 24 18
Noce NOC 6 -- 6
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CHAPTER 1

Phylogeography of Sarmarutilus rubilio (Cypriniformes:
Leuciscidae): Complex Genetic Structure, Clues to a New
Cryptic Species and Further Insights into Roaches

Phylogeny
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Abstract: Italy hosts a large number of endemic freshwater fish species due to complex geological
events which promoted genetic differentiation and allopatric speciation. Among them, the South
European roach Sarmarutilus rubilio inhabits various freshwater environments in three different
ichthyogeographic districts. We investigated the genetic diversity of S. rubilio using two different
mitochondrial markers (COI and CR), aiming to define its relationship with other similar taxa from
the Balkan area and, from a phylogeographic perspective, test the effects of past hydrogeological
dynamics of Italian river basins on its genetic structure and demographic history. Our analysis
highlighted a marked genetic divergence between S. rubilio and all other roach species and, among
Italian samples, revealed the existence of three deeply divergent geographic haplogroups, named
A, B and C. Haplogroup C likely corresponds to a new putative cryptic species and is located at the
northern border of the South European roach range; haplogroup B is restricted to Southern Italy; and
haplogroup A is widespread across the entire range and in some sites it is in co-occurrence with C or
B. Their origin is probably related to the tectonic uplifting of the Apuan Alps in the north and of the
Colli Albani Volcano in the south during the Pleistocene, which promoted isolation and vicariance
followed by secondary contacts.

Keywords: Italian ichthyogeographic districts; Albanian lakes; Rutilus; Leucos; freshwater fish; Cyfun
P; cytochrome oxidase I; control region; vicariance events; secondary contacts; conservation genetics

1. Introduction

In recent decades, the integration of molecular approaches when investigating the
diversity and distribution of animal species [1] has provided new insights into the taxon-
omy and evolution of freshwater fish, facilitating phylogenetic reconstruction [2,3], solving
taxonomical controversies [4-6], identifying cryptic species [7-9], detecting the introduc-
tion of allochthonous species [10,11] and clarifying the conservation status of threatened
species [12]. In addition, a strong relationship emerged between the genetic diversity of
freshwater fishes, geography and past hydrogeological events [13-15].

The Mediterranean area is considered a biodiversity hotspot [16] and hosts 25% of the
strictly freshwater fish species registered in the Palearctic region [17] due to its complex
paleogeographic and paleoclimatic history. Indeed, tectonic movement in the Miocene and
sea-level variations which occurred during the Messinian Salinity Crisis and Pleistocene
glacial/interglacial periods, promoted genetic diversification and allopatric speciation
across Mediterranean peninsulas, as these territories were alternatively linked and isolated
from each other, and acted as glacial refugia during the Pleistocene [2,18]. Afterwards,
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mountainous ridges (e.g., Alps, Pyrenees) isolated native freshwater fishes from the post-
glacial expansion of Eastern-European species [19], thus explaining the presence of the
huge number of endemic species in this region (526 nominal and 490 confirmed [20]).

In the Italian peninsula, three different ichthyogeographic districts are currently recog-
nized, named Padany-Venetian (PV), Tuscany-Latium (TL), and Apulia-Campania (AC)
(see Figure 1), whose borders are still not clearly defined [21]. These districts were shaped
by river confluence and isolation mechanisms during the Pleistocene and host different
fish species assemblages [22], corresponding to 61 native species, 27 of which are endemic
or sub-endemic [23]. Most of them are threatened by invasive species, which are equal
to the number of native ones [23], and by other anthropogenic impacts such as habitat
degradation, water pollution and abstraction [24]. Among the existing Italian native species,
the Leuciscidae family (previously included in the Cyprinidae, see [25]), is the most repre-
sented group with 14 species (23% of native ones). Despite the use of molecular markers
providing useful information about these species in the last decade [26-28], genetic data
are still required for many of them for effective management, and conservation action plans
are still lacking [29].

[30° N
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Figure 1. Geographic location of the study area (black and red rectangles, top right), along with
S. rubilio distribution according to IUCN (https://www.iucnredlist.org/species /19786 /9014268, ac-
cessed on 11 April 2022), and sampling sites: circle indicates rivers and square lakes. For abbreviations
refer to Table 1. Triangles indicate sites corresponding to sequences retrieved from the Genbank
database and included in the COI phylogenetic reconstruction. Names of major basins discussed in
the paper are also indicated.
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Table 1. Sampling details for twelve populations of South European roach from Italy and two Rutilus
sp. from Albania and summary of genetic variation for the mitochondrial control region (CR) and
cytochrome oxidase I (COI) subset.

CR col
Dot mivemlake P SN TR N e Rim (se)  Geey N HP
Italy
Magra-Vara Ricco VARL 44161  9.758 13 (8) 300 Ny b ig’;l) 1 4
Graveglia ~ VAR2 44191  9.790 20 (3) 54 fé?g& ( i('g’@ 8 4
Tronto Tronto TRO 42802  13.465 SAC 18 ((2]) 172 f(fllm ( fb(.)éz) 3 2
Foro Foro FOR 42246 14186 16 (520) 198 f('ffg)) ( f£33) 3 2
Arrone Arrone ARR 41914 12.265 15 (5%)) 3.73 ( iooéi)l) ( io()ogg) 3 2
Tiber RioMartino  TIB1 42173  12.545 3 (540) 335 fé’g 5 fﬁ?gﬂ 2 2
B T v W S
Fondi Settecannelle ~ SET 41368  13.421 Regi’f(‘al 20 ( 650) 3.84 ( féfB) ( f£g5) 3 2
San Puoto San Puoto SPU 41.285 13.408 SPA 7 ((2)) NA ( :S 0517 2) ( :B oog 6) 7 1
Santa Croce Santa Croce SCR 41.287 13.716 SAC 32 ( 450) 3.47 ( iOO6(())7) ( i()02113) 3 2
Gar%;;no Ausentello  GAR 41303 13743 24 (g) 246 io('f’fl) ( £6?§4) 301
Noce Pamafi ~ NOC 39934 15752 6 (520) NA f()?zsz) ( f('fgs) 6 2
Total 208 21 54 14
Albania
Skadar Skadar SKA 42059  19.455 8 (130) NA ilb(.)ge) ( fb?zgs) 8 4
Ohrid Ohrid OHR 40963  20.640 7 (130) NA f(flls) (i'éﬁ) 73
Total 15 12 5 7

Abbreviations: sample size (N), number of haplotypes and percentage of private haplotypes (Hp), haplotype rich-
ness (Hp rich), haplotype diversity (Hd), nucleotide diversity (7). Standard errors (s.e.) are given in parentheses
for Hd and 7. SAC = Special Area of Conservation, according to EC Habitat Directive; SPA = Special Protection
Area, according to EC Birds Directive. Datum = WGS84 for geographic coordinates.

The South European roach Sarmarutilus rubilio (Bonaparte, 1837)—a unique species
of the genus—is a leuscid previously known as Rutilus rubilio. Nomenclature change of
this taxon was driven by the identification of diagnostic morphological differences scarcely
appreciable with the naked eye and by separate clustering when compared to any other
genetic lineage included in the former Rutilus genus [30]. It derived its name from the
Sarmatic Sea, or Lago Mare, an ancient central European inner freshwater sea where it
likely originated in the Middle Miocene, between 5 [30] and 9.7 [2] million years ago (Mya)
when most of the Italian Peninsula was still under sea level. The South European roach
has a broad ecological niche. It is eurytopic, moderately rheophilic and thermophilic,
mainly living in hilly and lowland stretches of streams and rivers, and more rarely in
lentic environments. It is distributed from North-Central to Southern Italy, with most of
the population localized in the basins of the Tyrrhenian slope (from River Magra north to
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River Sele south) and some in the Adriatic basin (from River Tronto in the north to River
Trigno in the south) according to [30] (see Figure 1 below); thus, its range includes the
three different Italian ichthyogeographic districts, although it is mainly found in the TL
district. In addition, S. rubilio was also translocated in many basins of the southern part
of the Italian Peninsula and Sicily—even in Tunisia [31] and Turkey [32]—and the border
between the native and introduced ranges still remains unclear. Presently, the number and
size of its populations is declining and its range decreased by over 30% in 10 years [33],
mainly due to the introduction of allochthonous species, such as the morphologically and
ecologically similar roaches Leucos aula and Rutilus rutilus [34]; thus, even though the
species is still classified in the Near-Threatened IUCN risk assessment category, it is likely
going to be qualified as Vulnerable in the near future [33] and is listed in Annex II of the
European Union Habitats Directive [35]. The presence of the species (or subspecies) was
also reported in Albanian lakes [36] as external meristic traits between Italian S. rubilio
and Albanian roaches overlap; therefore, debates over the taxonomical status of Albanian
roach are ongoing [20,30,37]. Sarmarutilus rubilio distribution could likely disguise a strong
genetic structure, which is also suggested by the evidence that this species is listed among
those Mediterranean freshwater fish taxa (about 98% barcoded) characterized by high
intraspecific clusters divergence; therefore qualifying it as a potential candidate species, i.e.,
cryptic species [20] (Appendix S1). Starting with these assumptions, we investigated both
the complete mitochondrial control region (CR) in almost two hundred specimens from
the whole species range, and the barcoding portion of the cytochrome oxydase I (COI) in a
subset of Italian and Albanian Sarmarutilus-like individuals. In addition, we analyzed two
nuclear markers (Cyprinid formerly unknown nuclear Polymorphism, and first intron of
the ribosomal protein 57) in a few Italian specimens showing a highly divergent COI profile.
These analyses aimed to (1) assess the relationship between Italian S. rubilio specimens from
Albania with a similar morphology and other roach species (all species previously included
in the genus Rutilus and now split among Leucos, Sarmarutilus and Rutilus); (2) test the
presence of geographically localized South European roach genetic clusters in Italy; (3) make
inferences on how the hydrogeological evolution of Italian peninsula influenced S. rubilio
lineage diversification. The results will be useful in constructing future conservation action
plans for this species and will provide further data on the relationships between Italy’s
hydrogeological history and the genetic structure of freshwater fishes, thus contributing to
the debate aimed at clarifying and eventually rearranging the Italian ichthyogeographic
districts’ borders, in relation to the divergent processes of other endemic species.

2. Materials and Methods
2.1. Sampling, Morphological Identification and DNA Extraction

Overall, 223 specimens were collected, with 208 S. rubilio individuals from 12 sites in
the Italian peninsula, covering most of the known supposed native range, from the Liguria
region at the northern border of species distribution to the southern one in Basilicata.
In addition, 15 specimens showing S. rubilio-like morphology were retrieved from two
Albanian lakes, where this species was also reported in recent decades (Figure 1; Table 1).

Fishes were sampled using electrofishing and anaesthetized with a 0.035% MS 222
(Tricaine Methanesulfonate) solution, in accordance with the relevant legislation (CEN
EN 131 14011/2003-Water quality-Sampling of fish with electricity) and standards for
species listed in Annex II of Habitats Directive [38], as authorized by Regional Directions
responsible for Hunting and Fishing activities and by Directions of Protected areas (Prot. n.:
Lazio G10101, 25 July 2019; Abruzzo DPD023/171, 12 April 2021; Marche 213, 13 April 2021;
Liguria 5166-2021, 30 August 2021; Aurunci protected area 0002963.U, 01 October 2021).
Specimens were morphologically identified according to descriptions in the literature [39].
The tips of pelvic fins were taken from each specimen and fixed in 96% ethanol to further
perform genetic analyses. After tissue collection and recovery from the anaesthetic, the
specimens were released into the wild. Some entire specimens for each sampling site were
preserved in 70% ethanol and deposited in the Museum of Comparative Anatomy “Battista
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Grassi”, Department of Biology and Biotechnology “Charles Darwin”, Sapienza University
of Rome (AC1687-98). Total genomic DNA extraction was carried out using the salting-out
method [40].

2.2. PCR Amplification

A fragment of approximately 620 base pairs (bp) of the mitochondrial cytochrome
¢ oxidase subunit 1 (COI), widely used for animal species barcoding [41], was amplified
in a subset of 2 to 11 specimens for each site to validate the morphological taxonomic
identification. For other specimens (from VAR sites), molecular identification using COI was
not resolutive, so we amplified and sequenced two different non-coding nuclear markers
which were successfully used for species identification in Leuciscidae fishes [2,4], with
156218 base pairs (bp) fragments of Cyprinid formerly unknown nuclear Polymorphism
(Cyfun P, [42]), and 313-851 bp fragments of the first intron of the ribosomal protein S7 (S7).

To investigate genetic diversity across S. rubilio populations, the entire mitochon-
drial control region (CR, 930 bp), a non-coding fragment involved in the initiation of the
replication and transcription of the entire mtDNA, was amplified in all Italian samples.

PCR reactions for each marker were carried out in a total volume of 20 uL in a
TC9610 Multigene OptiMax Thermal Cycler. Reagents, primers description and thermal
cycling condition parameters for each marker are described in Table S1. Amplicons were
purified and sequenced using an external service (Microsynth AG, Balgach, Switzerland,
www.microsynth.ch, accessed on 11 April 2022).

The obtained sequences were then compared to those available for almost all Leu-
ciscidae species in BOLD [43] and Genbank using the Basic Local Alignment Search Tool
(BLAST) [44].

2.3. Data Analysis

Sequences for all markers were aligned using Clustal X 2.0 [45] and the polymorphic
sites were checked manually.

Mitochondrial haplotypes for both COI and CR were identified using DnaSP v6 [46]
and haplotype networks were built using the TCS algorithm [47] in Popart [48].

To investigate the phylogenetic relationships with closely related taxa, we used COI
sequences and applied the Maximum Likelihood (ML) and Bayesian Inference (BI) methods.
Our COI dataset was enriched with all S. rubilio sequences stored in GenBank (19 in total)
and with 4 sequences from each Rutilus and Leucos available species, which were taken
from different basins when possible (Table S2); however, “unverified” sequences were not
included. Squalius cephalus (accession number NC031540) was used as an outgroup. An ML
analysis was performed using W-IQ-TREE [49], with the substitution model TIM + F + G4
defined by ModelFinder [50] according to the minimum BIC score, and by performing
an ultrafast bootstrap analysis [51] for 1000 iterations for statistical support. BI analyses
were performed using MrBayes 3.2.7 [52] with the GTR + I substitution model, selected
by the AIC (Akaike Information Criterion) and implemented in JModelTest v.2.1.10 [53].
The analysis was carried out in three heated and one cold Metropolis-coupled Markov
chain Monte Carlo (MCMC) in two independent runs of 1 million generations each, with
sampling performed every 1000 generations and 10% of the trees discarded as burn-in. The
effective sample size (ESS) of the two runs was evaluated using Tracer v1.7.1 [54] and each
parameter exceeded 500. All trees obtained in the ML and BI analyses were visualized
using FigTree v1.4.4 (Andrew Rambaut, Institute of Evolutionary Biology, University
of Edinburgh, Edinburgh, UK, http://tree.bio.ed.ac.uk/software/figtree/, accessed on
11 April 2022).

After phylogenetic reconstruction, all the analyses of genetic diversity, population
structure and demography were performed based on CR sequences of S. rubilio from
Italy. Arlequin 3.1 [55] was used to calculate standard molecular indices (Hd and T, re-
spectively [56]), both for populations and haplogroups identified by the network, and
to calculate the genetic differentiation between populations as pairwise ®ST (Kimura 2-
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parameters distance-K2P [57]). Significance was tested by performing 10,000 permutations
and adjusting p-values for multiple testing with Bonferroni correction. Additionally, inter-
and intra-haplogroup genetic distances (K2P) were calculated using MEGA 11 [58]. Haplo-
type richness was calculated using the PopGenReport package [59] in R software [60] by
randomly sampling 13 individuals per population to account for different sample sizes.

Population differences were visualized by performing non-metric multidimensional
scaling (NMDS) in PAST 3.26 [61] on the ST matrix. The NMDS analysis was also repeated
considering the presence of more than one haplogroup for some populations (see results).

An AMOVA (Analysis of Molecular Variance) with Arlequin 3.1 was used to test the
various hypothesis of population structure, which were as follows: (1) no groups, i.e.,
panmixia, or population subdivision according to (2) ichthyogeographic district (3 groups,
PV, TL, AC attributing sites located in the undefined area according to recent literature [27]),
(3) number of haplogroups (3 groups, different from the previous hypothesis), (4) NMDS
output (7 groups, due to the presence of subgroups within haplogroups).

The divergence time between CR haplogroups was estimated using the BI method
implemented in BEAST v.1.10.4 [62], and by setting the HKY+I + G substitution model
selected using JModelTest and the Coalescent Constant Size as Tree Prior; and 3.84 and
8.48% per million years (My) divergence rates were used, i.e., the minimum and maximum
rates estimated for CR in Leuciscidae species [63]. Rutilus rutilus, the only roach species for
which the CR sequence was available, and Squalius squalus (GenBank Accession Numbers
AP010775 and NC031540, respectively), were used as outgroups. MCMC was run for
10 million steps and sampled every 1000 steps, with 10% of trees discarded as burn-in. The
EES and trees were evaluated as in the COI analysis.

The ancestral state of haplogroup distribution, dispersal and vicariance events were
inferred using the statistical DIVA (S-DIVA) method [64] implemented in RASP v.3.1 soft-
ware [65]. CR Bayesian tree topology was used to map ancestral distributions and the tips of
the tree (CR haplotypes) were coded using the following five main Italian hydrogeographic
areas, identified a priori according to geographic distances and barriers between them:
(1) Magra-Vara basin at the species northern border (VAR sites); (2) central Adriatic slope
(TRO and FOR); (3) central Tyrrhenian slope (TIB sites and ARR); (4) Fondi plain (SET,
SPU); (5) south Tyrrhenian slope (SCR, GAR, NOC). Outgroup species distribution was
labeled as “continental Europe”.

To make inferences about past demographic events in S. rubilio, the following three
steps were conducted for each previously identified CR haplogroup: (1) Arlequin 3.1
for the mismatch analysis and to test the demographic expansion hypothesis, calculating
Harpending’s raggedness index Hri [66] and the sum of squared deviations SSD [67], which
were both assessed with a parametric bootstrap of 10,000 replicates; and the expansion
parameter T and effective population size 8y and 61 before and after the expansion were
also calculated; (2) the same software was used to perform Tajima’s D [68] and Fu’s F [69]
neutrality tests together with the R2 neutrality test [70] implemented in DnaSP v6. When
the significative signature of demographic expansion was found, the time since expansion
was calculated as t = T/(2p * generation time * k), where 21 is the divergence rate and K is
sequence length [71]; the generation time for S. rubilio is one year [34].

3. Results
3.1. Molecular Identification and Phylogeny

The analysis of COI (624 bp) sequences from a subset of 69 specimens revealed 21 COI
haplotypes (GenBank accessions: OM974277-97). A total of 7 of them were identified
among the 15 sequences from Albanian specimens (differing from each other for one-three
site-specific mutational steps) and 14 haplotypes from the sequences corresponding to
54 Italian samples (Table 1 and Figure S1). All variable sites between haplotypes were
synonymous mutations. Comparisons with GenBank sequences for the Albanian samples
showed > 99% similarity to sequences labelled as Rutilus albus, R. prespensis, R. ohridanus
and only ~93% with S. rubilio. Considering Italian specimens, the morphological attribution
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to S. rubilio was confirmed by COI sequences for 46 out of the 54 individuals (from 97.91 to
100% similarity). The remaining eight specimens, collected in VAR1 and VAR?2 sites (HpC01
and HpC02), showed 95.01-95.97% similarity with S. rubilio and lower values than any
other species present in GenBank (92.72-94.55% when compared with other Rutilus/Leucos
species). The BOLD identification engine was also unable to match any records in the
selected database for these VAR specimens.

A phylogenetic analysis including Rutilus and Leucos species showed the same tree
topology for both ML and BI (Figure 2). All Albanian haplotypes from lake Skadar
clustered with most Leucos albus specimens while those from lake Ohrid showed no
clear assignment to a distinct group, but were still included with strong support in the
L. albus/R. ohridanus/R. prepspensis cluster. Despite R. ohridanus (as well as R. prespensis)
being currently considered a synonym of Leucos basak (see Discussion), our trees showed
these putative taxa did not form a monophyletic group exclusive of L. aula or L. albus, and
L. basak from the Neretva basin did not cluster with Albanian ones. Once it was ascer-
tained that samples from Albania did not correspond to S. rubilio, they were excluded from
further analysis.
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Figure 2. ML and BI phylogenetic tree based on mitochondrial sequences of COI including sequences
of all the species originally included in the genus Rutilus (see Table S2 for Accession Number).
Haplotypes obtained in this study are indicated and represented by circles (rivers) and squares
(lakes); sequences retrieved from Genbank are indicated by triangles. Rectangles on the tree highlight
currently recognized Leucos species (violet) and Sarmarutilus (grey); for the latter, three haplogroups
are indicated. Posterior probabilities > 0.90 (BI) and bootstrap values > 90 (ML) at each node
are shown.
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All Italian sequences clustered in a well-supported monophyletic clade (hereafter
Sarmarutilus); however, its relationships with Leucos and Rutilus clades were not resolved,
as basal nodes in our tree were not supported. Within Sarmarutilus, different lineages were
identified, with specific geographic distributions. The most differentiated one includes
only two haplotypes from the sampling sites at the northern border of the species range
(VAR, lineage C) and differs for 2627 mutational steps from the most common haplotypes
(HpAO01 and HpB01) (Table S3a and Figure S1). The second (lineage A) includes the majority
of the sequences and is widespread across the peninsula. The remaining sequences (group
B) are exclusive of the southern Tyrrhenian slope and do not form a monophyletic cluster,
although they are clearly grouped in the COI haplotype network (Figure S1), due to the
low number of mutations compared to haplotypes of lineages A and C. From now on, we
refer to haplogroups A, B and C. None of the previously deposited sequences clustered in
haplogroup C.

Considering that COI haplogroup A (common S. rubilio) and C (unknown) coexist in
the same VAR sites, we investigated whether (a) individuals from the two genetic lineages
represent remnants of isolation and secondary contact events, (b) nuclear divergence
among them still exist and/or (c) whether they hybridize. To test these hypotheses, nuclear
markers were amplified in a subset of individuals from both mtDNA lineages (A and C),
from VAR and sites in Central Italy. The nuclear S7 (GenBank accessions: OM966282-97)
region did not show sufficient variability, and thus it did not provide an answer. On the
contrary, the Cyfun P fragment (GenBank accessions: OM966266-81) was more variable and
provided diagnostic mutations/indels that distinguished two groups of nuclear sequences
among VAR specimens, one of which shared samples from Central Italy and the other
was exclusive of VAR (Table 54). Sequences found in both VAR and Central Italy showed
97.02-100.00% similarity with the ones available in GenBank for S. rubilio (JQ286163-4,
from Tiber river), while for those exclusive of VAR sites similarity values dropped to
90.30-92.20%. The genetic distance between our two groups of Cyfun P sequences (K2P,
MEGA 11) was equal to approximately 4%, with VAR specific ones also distinguished by the
deletion of nine base pairs. Of note, six out of seven individuals showing the typical Cyfun
P VAR sequences belonged to the mitochondrial haplogroup C (Table S4). We re-examined
the morphology of VAR specimens (pictures and vouchers) showing both mitochondrial
and nuclear sequences belonging to lineage C, with no differences from S. rubilio observed
(Figure S2) and meristic counts in the range of S. rubilio (number of branched rays of dorsal,
anal and pelvic fins, scales on lateral line and number of pharyngeal teeth [30]).

3.2. Genetic Variability and Demographic History

We identified 21 CR haplotypes from 208 Italian specimens (GenBank accessions:
OM966233-53, Figure 3), whose spatial distribution mirrored that observed with COL
Haplogroup A (12 haplotypes) is the most widespread of these and is present in 10 out
of 12 Italian sampling sites, from north to south, both in Tyrrhenian and Adriatic slopes;
haplogroup B (7 haplotypes) is present in south Tyrrhenian slope, fixed in SET and SPU
sites, and rare in SCR and NOC (one specimen each), where it coexists with haplogroup
A; haplogroup C (2 haplotypes) is limited to VAR sites, always found together with hap-
logroup A but less abundant (representing 31% and 40% in VAR1 and VAR?2, respectively)
(Figure S3). As for COJ, a high number of mutational steps was observed between CR se-
quences belonging to haplogroup C and the most frequent haplotypes of haplogroup A and
B: 30 between HpCO01 and HpAO01, 27 between HpC01 and HpB01; additionally, sequences
of haplogroup C were one base shorter (929 bp) than those of the other two haplogroups
(930 bp) (Table S3b).
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Figure 3. Haplotype network based on CR sequences. Each circle corresponds to one haplotype and
its dimension is proportional to the haplotype frequency. The number of nucleotide substitutions
between haplotypes is indicated in parenthesis. Boxes highlight the three haplogroups found in this
study (A, B and C, see Results). Population abbreviations refer to Table 1.

The CR haplotype network (Figure 3) showed a star-like topology for both haplogroup
A and B (the latter mainly due to SET specific haplotypes), with few mutations at the
intra-haplogroup level (1-4 in A, 1-7in B, 1 in C). HpAO01 is the most common haplotype,
being shared by individuals from different basins and slopes; seven haplotypes are shared
by individuals from different basins (HpA02, HpA04, HpA06, HpA(07, HpA09, HpB01 and
HpB02), and others within a single basin (e.g., HpC01 and HpC02 in VAR sites). Haplotype
and nucleotide diversity for each site (Table 1) showed the lowest values of Hd in sites
from the Adriatic slope (TRO, FOR) and in two of the southernmost ones (GAR, NOC),
which also showed the lowest values of 1% and haplotype richness, except for NOC, where
haplogroup A and B coexist. Higher values of m% were observed in VAR sites, where
haplogroup A and C coexist. When calculations were repeated for each haplogroup, similar
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parameters were obtained for haplogroups A and B, and lower values for haplogroup C,
which included the smallest number of samples (Table 2).

Table 2. Summary of genetic variation, neutrality test and mismatch distribution parameters for the

mitochondrial control region (CR) for each haplogroup and all samples.

Hd 7 % Tajima’s , .
Haplogroup N Hp (ds.e) (s.e.) D Fu's F R2 SSD Hri T 0o 01
0.56 0.09 i
A 16712 Joos toen 0919 656l 0052 0001 005 0926  0.100 3.19
B 29 7 0B 03 y7o0% 2237 0062 0014 0119 0725 0000  99,999.000
(+0.10)  (0.09) : : : ' : ' : 999,
C 1 2 0.48 0.05 1.066 1.003 0242 0019 0236 0734 0000  99,999.000
(+0.11)  (0.05) ' : : ' : ' : 999,
Tot 208 21 071 0.75 ~0.107 1541 0081 0035 0040 0072 1816  99,999.000
' (+0.03)  (+039) : : : : : ' : 999.

Abbreviations: sample size (N), number of haplotypes (Hp), haplotype diversity (Hd), nucleotide diversity
(m), standard errors (s.e.), sum of squared deviations (SSD), Harpending’s raggedness index(Hri), time since
expansion in mutation units (T), population size estimators before and after the expansion (8p and ;). Significance
thresholds: * p < 0.05; ** p < 0.01.

Data from the mismatch distribution analysis for all samples did not agree with the
expectation of demographic expansion of a homogeneous population; conversely, three
different peaks were observed following the presence of the three identified haplogroups
(Figure S4). The analysis was then repeated for each haplogroup and a unimodal dis-
tribution was obtained for haplogroup A and B. Tajima’s D and Fu’s F consistently has
negative values (indicating population size expansion); however, when considering all
demographic parameters together, only those referring to haplogroup B agreed with the
expansion hypothesis, i.e., it had a significant Tajima’D and R2, 6, equal to 99,999 (Table 2)
and the times of demographic growth for B corresponded to 20-9 Kya. No clear pattern
was obtained for the small (12 individuals) haplogroup C.

3.3. Genetic Structure and Phylogeography

Global ®ST (0.577, p < 0.001) indicated high genetic differentiation among sites. Calcu-
lation of pairwise ®ST values (Table S6a) showed that the highest significant values were
observed in comparisons involving sites with a homogenous composition, i.e., between
B-only and A-only sites (0.95 < ®ST < 0.98); however, the results were partly biased at
sites where individuals belonging to different haplogroups were present (e.g., VAR). It
is noteworthy that significant values were also obtained among sites within haplogroup
A (e.g., see ARR, TIB1). To deepen the analysis on genetic differentiation between the
main haplogroups and sites, pairwise ®ST calculation was repeated by separating the
different haplogroup components, when they occur in the same site simultaneously (in
VAR, SCR, NOC) (Table S6b). Values obtained between different haplogroups were high
(0.93 < ST < 1.00) but not always significant, likely due to a very small sample size. NMDS
plots were obtained by considering all the sites (Figure 4a), and the main haplogroups
within the sites (Figure 4b) allowed us to identify the main haplogroups pattern and
further subdivisions within the most represented ones (haplogroups A and B). Indeed,
within haplogroup A, all populations were placed together but NOC_A and ARR appeared
to be separated from the others, similarly to haplogroup B, where SCR_B and NOC_B
were separated from SET/SPU but in different directions so that three B subgroups were
graphically identified.
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Figure 4. Non-metric multidimensional scaling based on CR matrix of ®ST on (a) sampling sites,
(b) splitting individuals by haplogroup when two haplogroups occur in the same site (in VAR, SCR,
NOC). Populations colors and abbreviations as in Figure 1.

Among the different hypotheses tested using AMOVA, statistical support was ob-
tained when considering subdivision with three haplogroups, with 95.06% of the variation
explained by among-groups differences (Table 3). When a further subdivision within
haplogroups, suggested by NMDS, was tested, a similar among-groups percentage was
observed (95.18%) but also a smaller value for within-groups variation. On the contrary, a
subdivision of samples purely based on ichthyogeographic district origin did not provide
statistically supported results.
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Table 3. AMOVA hierarchical analysis for Italian specimens, examining the partitioning of genetic

variance of the mitochondrial control region (CR).

Among Populations

Among Groups within Groups Within Populations

N. of Groups and Group Composition Y%var ®CT Y%var dSC Y%var dST
(1) no structure: 1 group - - 57.68 - 42.32 0.57682 ***
(2) ichthyogeographic districts: 3 groups
(PV =TRO; TL = VAR1, VAR2, ARR, TIB1, B _ . .
TIB2; AC = FOR, SET, SPU, SCR, GAR, 9.87 0.09873 66.04 0.60108 43.83 0.56169
NOC)
(3) Haplogroups: 3 groups
(HpC = VAR1_C, VAR2_C; HpA =
VARI1_A, VAR2_A, TRO, FOR, ARR, TIB1, 95.06 0.951 *** 2.07 0.418 *** 2.88 0.971 ***
TIB2, SCR_A, GAR, NOC_A; HpB = SET,
SPU, SCR_B, NOC_B)
(4) NMDS, subgroups within
haplogroups: 7 groups
(VAR1_C, VAR2_C; VARI_A, VAR2_A, 95.18 0.952 *** 0.87 0.181 *** 3.95 0.961 ***

TRO, FOR, TIB1, TIB2, SCR_A, GAR;
ARR; NOC_A; SET, SPU; SCR_B; NOC_B)

Hypothesized structures: (1) no structure (one group), (2) subdivision by ichthyogeographic district (three
groups), (3) subdivision by haplogroup (three groups), (4) clusters identified by NMDS analyses (seven groups).

Significance thresholds: *** = p < 0.001.

Genetic distances between haplogroups were higher when comparing C to A and B
(0.033 and 0.029, respectively, Table S5), than between A and B (0.015). A dating analysis and
ancestral areal reconstruction (5-DIVA) based on the CR BI tree revealed a complex phylo-
geography for Sarmarutilus in Italy (Figure 5). Vicariance events were estimated at the basal
split of haplogroups; the divergence time of lineage C corresponded to 850-390 thousand
years ago (Kya) while between A and B it corresponded to 500-230 Kya. Within haplogroup
A, the S-DIVA analysis identified many dispersal events, despite nodes not being supported,
from the central to south Tyrrhenian slope and Adriatic slope. Within haplogroup B, S-DIVA
estimated a vicariance event between the Fondi plain and the south Tyrrhenian slope.
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Figure 5. Bayesian CR tree with time estimates at supported nodes and ancestral area reconstruction

of Sarmarutilus haplogroups and haplotypes. Posterior probability higher than 0.90 in bold; time

estimates are in Mya; * denotes dispersal events, triangle vicariance events. Area reconstructions

lower than 15% are indicated in black as null.
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4. Discussion

In this paper, the analysis of mitochondrial DNA in Italian and Albanian roaches,
complemented with sequences from representatives of all the currently recognized Rutilus
and Leucos species, confirmed a loose relationship between the two investigated taxa,
despite the very similar morphology. Our phylogenetic reconstruction also highlighted the
need for an in-depth taxonomical revision of Balkan roach species. Finally, our intraspecific
analysis revealed a deep and complex phylogeographic structure for Italian S. rubilio,
masked by secondary contacts between lineages.

4.1. Molecular Identification and Phylogeny

The COI molecular identification and phylogenetic analysis provide new insights into
the relationships among roach species. Our analysis was overall congruent with the COI
tree obtained in previous studies [72]; however, due to the integration of a higher number
of sequences from different basins and the molecular identification of new lineages, more
details emerged. Despite this, some main points remain unresolved.

The Albanian specimens examined in this study (from Skadar and Ohrid lakes, mor-
phologically similar to Italian S. rubilio) were clustered separately from Italian samples
in the phylogenetic tree. Specifically, specimens from each lake showed one to three site-
specific mutations, and haplotypes from the Skadar lake clustered with L. albus (typical
from this lake) while those from the Ohrid lake grouped with L. basak sequences from this
site (recorded in GenBank as R. ohridanus); furthermore, the Ohrid lake cluster also included
L. aula and L. basak from lake Prespa in Albania (recorded in GenBank as R.prespensis). The
status of the Rutilus/Leucos species of the Balkan area is debated and there is no agreement
on the validity and distribution of the previously mentioned species. Indeed, based on
their morphological and genetic traits, the following three species were identified [37]:
Rutilus albus in Lake Skadar, R. ohridanus endemic in the Ohrid lake, and R. prespensis
present both in Lake Prespa and Lake Skadar (in this site in sympatry with R. albus). Subse-
quently, the taxonomy of the genus Rutilus was revisited [30], wherein the genus Lezcos was
resurrected, and in the Adriatic Balkan area, R. albus was renamed Leucos albus. Moreover,
R. basak from the Neretva basin (between Croatia and Bosnia-Herzegovina) was named
Leucos basak, and the Albanian taxa distributed in the Ohrid lake (previous R. ohridanus),
Prespa lake (previous R. prespensis) and Skadar lake (R. prespensis in sympatry with L. albus)
were considered synonyms of L. basak [73]. Our data disagree with this attribution, as the
non-monophyletic status of current L. basak. specimens from Neretva are highly divergent
from those from the Albanian lakes included in this taxon. Indeed, the Neretva and Al-
banian basins belong to different ichthyogeographic districts [74]. Conversely, specimens
from the Ohrid and Prespa lakes are grouped with L. albus in the same monophyletic clade
according to previous reports [25]. These data allow us to draw some conclusions on the tax-
onomy of these species. First, Albanian taxa cannot be considered synonyms of Leucos basak
from the Neretva basin. Second, the choice to synonymize Rutilus prespensis, R. ohridanus
and R. albus, considering their close genetic relationship [20], is supported by our data.
This seems a wise parsimony choice that fits the need to avoid the taxonomy inflation that
characterizes other fish taxa [75], and also considers the low number of mutations between
the haplotypes collected in Ohrid or Skadar lakes. Meanwhile, diagnostic mutations are
present between fishes of these lakes, and this differentiation should not be disregarded, as
they can potentially be considered as geographic populations. Moreover, morphological
differentiation is reported between L. albus and the sympatric taxa in the Skadar lake and
further integrated analyses identifying morphological characteristics, multiple genetic
markers and environmental parameters are needed to clarify the basis of such diversity.

Another problematic issue involves Rutilus virgo. Our COI phylogenetic analysis
clustered this taxon into the Leucos genus with strong support, according to previous
research [25,76]. However, breeding males of this species show horizontal rows of large
tubercles on their scales and head [39] that are typically absent in the Leucos species [30].
In addition, some zoogeographic features differentiate R. virgo from the Leucos species,
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including the following: the former inhabits rivers flowing into the Danube River-in Slo-
vakia, and Slovenia, rarely in the Czech Republic [77] while Leucos species are typically
present in rivers of the Balkans and Italy flowing in the Adriatic Sea. Thus, the relation-
ship between R. virgo and the other roach species remains ambiguous. Despite Leucos
being a well-supported monophyletic clade, its relationship with other Rutilus species and
Sarmaratuilus were not resolved in our analysis; as in previous studies [25,72], we were
unable to define whether Leucos or Sarmarutilus are sister groups of Rutilus or, conversely,
if they are included in Rutilus, so that the latter is not monophyletic. This issue will need
to be addressed in the future through analyses based on a combined dataset for all roach
species. Finally, our tree topology lends support to the differentiation of the endemic
roach from the Volvi lake and Struma river in Greece, as the COI sequences from these
sites retrieved from GenBank (there labelled as R. heckelii and R. lacustris, respectively)
are grouped in a well-supported cluster separated from that including R. lacustris from
Black and Caspian Sea basins (one R. rutilus sequences clustering into R. lacustris may
be due to misidentification as the two species are sympatric in Eastern Europe). Roaches
from Volvi lake were recognized as a distinct species, Rutilus stoumboudae, based on both
their morphological and molecular characteristics [30,78]. However, this putative species is
currently considered a synonym of R. lacustris [73,79], due to the low genetic divergence
from this species. Our data confirm this taxonomic attribution, and as for the case of
R. orhidanus /prespensis, we suggest considering Volvi roach specimens as a geographic
population that has peculiar genetic traits allowing its distinction from R. lacustris from the
Ponto Caspian area. New studies covering other Greek localities will clarify its distribution
in Greece and its conservation status, as the population is probably extinct in the Volvi
lake [30].

4.2. Divergence between Sarmarutilus Lineages: Cryptic Species?

The COI phylogenetic tree and both COI and CR haplotype networks revealed three
different haplogroups among Italian specimens, all of which were morphologically identi-
fied as Sarmarutilus rubilio. Two haplogroups (A and B) matched with sequences previously
identified by other authors [20], while the third one (C), exclusive to the Magra-Vara basin
(VAR sites), was never recorded before and did not show adequate similarity with any
sequence stored in international databases (GenBank, BOLD). COI divergence obtained
for the lineage C ranges from 3.3 to 2.9% (A-C and B,C haplogroups pairwise comparison,
respectively). According to what was observed in 1088 fish species [80], sequences with a
divergence of greater than 2% or 3% likely belong to different species (with a probability
greater than 95%). This COI divergence threshold was generally confirmed with an analysis
implementing several methods for species delimitations in fishes and allowed for the iden-
tification of cryptic species [81-83] even in Leuciscidae [84]; furthermore, 2-3% divergence
was observed between many Leucos and Rutilus taxa whose status as good species is not
debated. Although our nuclear dataset is limited, a substantial divergence (almost 4%) and
a slight difference in length were observed between Cyfun P sequences exclusive to VAR
sites and mostly present in specimens belonging to mitochondrial lineage C, and those
widespread across S. rubilio populations. In other Leuciscidae species, no intraspecific
variability in Cyfun P sequence length was observed [42], and a very small divergence
(0.3-1.5%) or none at all (if recently split) was observed between species [4,85]. These
data are highly indicative of typical Magra-Vara lineage C being a putative new cryptic
Sarmarutilus species. More in-depth investigations, including a wider nuclear dataset, are
necessary to strengthen confidence in our hypothesis. These roaches coexist with lineage A
and, as specimens with various combinations of nuclear and mtDNA lineage were found,
they can hybridize. This commonly happens in Leuciscidae, between different species and
even genera [86-88], and genetic introgression was also reported, not always associated
with intermediate morphological characters [4,85,89]. In the absence of morphological
diagnostic traits (see Results), a formal description of this putative new species is currently
not possible. Moreover, we are carrying out a geometric morphometrics analysis for all
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Italian specimens to investigate the morphological differences at a finer scale, and the
results will be displayed and discussed in a new paper. Further sampling is also needed to
map the distribution of C lineage in the Magra-Vara basin and in nearby small catchments
that could also host yet undetected Sarmarutilus populations.

4.3. Phylogeography of Italian Sarmarutilus

The presence of multiple haplogroups within Sarmarutilus and their coexistence in
some sampling sites are congruent with the hypothesis of multiple refugia in Italy dur-
ing Pleistocene glacial cycles and subsequent secondary contact, as observed in other
freshwater taxa [90-94]. Estimated time splits between Sarmarutilus haplogroups (850 to
230 Kya) indeed correlate with Pleistocene events. In addition to past climatic fluctuations,
freshwater fishes” phylogeographic patterns and distribution in Italy were also driven by
mountain ridges and the presence/lack of connections among drainages [14,27,95]; this is
especially true for those taxa, such as Leuciscidae, that cannot disperse through the sea
due to their little or no tolerance to brackish water [26] and references therein. Indeed, the
Apennine chain, dividing peninsular Italy longitudinally from north to south, was found
to influence the biogeographic structure even of semiaquatic vertebrate species but not that
of the peninsular terrestrial ones (if not marginally) [96].

Despite this, the current distribution of Sarmarutilus haplogroups only partially
matches the currently recognized ichthyogeographic Italian districts, which are character-
ized by different hydrogeological histories and evolution and are inhabited by different
species [21,97]. See details on each haplogroup below.

4.3.1. Haplogroup C

The presence of the most ancient lineage (haplogroup C) only at the northern border
of Sarmarutilus range (Magra-Vara basin), permits some inferences on the origin of this
genus.

There is no record of roaches westward to this basin, while northward, typical PV
district roach species are present, i.e., Leuccos aula and Rutilus pigus, are not strictly related
to Sarmarutilus (see Figure 2). The Magra-Vara basin has been geographically isolated since
the late-Pliocene and early Pleistocene tectonic uplift of the surrounding mountains as
follows [98]: (a) from the PV district by the northern Apennines, thus representing the
northern border of most of the primary freshwater fish species native to Central Italy [99];
(b) from southern catchments by the Apuan Alps, a geographic barrier extending from
the main Apennine to the sea which greatly effects the genetic structure of freshwater
species [26,28,100]. In the early Pleistocene, when most of the current major southern
basins such as Arno and Tiber were limited in extension due to marine introgression,
Magra-Vara still had connections to both basins flowing in the Tyrrhenian Sea and the
Adriatic Sea [98]. Thus, it is likely that Sarmarutilus moved initially from the Balkans (where
it originated, see Introduction) to Magra-Vara through brackish waters [96] and from here
it spread to southern catchments. This colonization path is in contrast to the immigration
route observed in other Italian vertebrates [96] including other leuciscidae [15,97], i.e.,
from the Balkans to south Italy and a subsequent northward expansion. The split between
Sarmarutilus lineage C and S. rubilio sensu stricto can be dated back to 850-390 Kya, support-
ing the hypothesis that the uprising of the Apuan Alps in the early Pleistocene promoted
the isolation of lineage C in this basin from S. rubilio present in southern catchments.

The presence of the widespread S. rubilio lineage A in Magra-Vara today will be
discussed later.

A demographic analysis of haplogroup C indicated no deviance from a neutral/stable
population and thus the absence of post-glacial population expansion, as conversely ob-
served in this site for Squalius lucumonis [28]. Currently, we are not able to decipher whether
lineage C demography was unaffected by the alternation of glacial and interglacial peri-
ods or if the secondary contact (and partial hybridization) with S. rubilio haplogroup A
caused the depletion of lineage C haplotypes. Haplogroup A is the most frequent in both
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Magra-Vara sites and some vantage selection may exist (see Haplogroup A discussion,
here below).

4.3.2. Haplogroup A

This haplogroup is the most widespread, present from the northern to southern
distribution limits and in most of the sites and is typical in the TL district, but also present
in the AC and the Adriatic slope of Central Italy.

Haplogroup A originated in the TL district after the first split from lineage C and a
second one from B, during the Pleistocene, i.e., when it likely remained isolated during the
glacial phase somewhere in a refugium and underwent allopatric divergence; after that,
dispersal events promoted its geographic spread through the Apennine chain, as suggested
by S-DIVA (Figure 5). Indeed, these mountains, despite isolating the Tyrrhenian and
Adriatic slopes of Central Italy and being considered the natural border between TL and
PV districts and between TL and the northern Adriatic section of AC, could have acted as a
semi-permeable barrier. This seems plausible especially for rheophilic species [101], through
river connections acting in the upper section of basins [102], and as already reported in
Mediterranean trout [103,104]. Sarmarutilus rubilio is not a strict rheophilic species; however,
it is found in Apennine rivers and could have spread through the hydrographic network,
which could explain the presence of HpAO1 in the Adriatic slope (TRO and FOR) and the
high differentiation observed in those sites that are not linked to the Apennines, i.e., ARR
drainage that is fed by the Bracciano volcanic lake [105]. Their existence along the entire
Apennine chain of the intermontane lakes up to the Late-Pleistocene [106,107] could also
have had an important role in haplogroup A dispersion [108].

The presence of the most common haplotype HpAOQ1 in Magra-Vara, co-existing with
lineage C, may be the result of secondary contact. Since S. rubilio can adapt to nearly all
water habitats, from lentic to lotic, from nearby sea to 1250 m a.s.l. [34], past sea-level
changes could have allowed the re-colonization of Magra-Vara from southern catchments
through mouth river confluences, a dispersion route observed in freshwater fishes that
inhabit coastal streams [109]. Such migration should have occurred quite recently, during
the last glacial age (about 22 Kya), when the sea level was lower than today [110,111].
Alternatively and in addition, a human-driven translocation of lineage A in the Magra-Vara
basin could not be excluded, but it is unlikely as all allochthonous species present in this
basin are those typical of the northern PV district [99], suggesting the translocation of fishes
only from geographic areas where S. rubilio is absent. Mitochondrial lineage A, besides
being the most widespread, is also the most frequent when coexisting with the others
(Figure S3); therefore, we cannot exclude a higher fitness associated with lineage A and/or
some kind of competition when secondary contact occurs, as suggested in other freshwater
fishes when different lineages come in contact [104].

Neutrality tests and mismatch analysis values suggested demographic expansion
when considering all individuals belonging to the widespread haplogroup A, although
these results were not fully statistically supported. The combination of Hd and 7t% values
for the main TL district sites (ARR and TIB1-2, Hd > 0.5 and 7t < 0.5%), and those outside TL
where only A was found (TRO, FOR and GAR, Hd < 0.5 and 7% < 0.05) provided different
estimates, suggesting a population bottleneck followed by rapid population growth for the
former and a recent population bottleneck or founder event for the latter [112].

Finally, considering both the hydrogeological history of Italy and genetic data of
S. rubilio, it is likely that haplogroup A experienced demographic growth after the glacial
period within the TL district and a recent natural range expansion through the Central and
Southern Apennines; conversely, translocation events occurred southward to the species’
native range [113,114], and likely involved individuals from the TL district, thus explaining
the presence of only haplogroup A in the southernmost CRA site (Figures 1 and 2).
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4.3.3. Haplogroup B

Haplogroup B is present in the area including the Fondi plain (SET, SPU) where the
lineage is fixed; in Liri-Garigliano surroundings (SCR) not attributed to either TL or AC
districts [21]; and also over the southern border of AC (NOC). In the latter sites, lineage A is
also present. The split between haplogroup A and B was estimated at 500-230 Kya, which
is congruent with the emergence of the Colli Albani Volcano (around 450-400 Kya) on
the Tyrrhenian southern border of the TL district. The volcano reversed the flow of rivers
currently belonging to the Liri-Garigliano drainage from the north (toward the Tiber basin,
TL district) to the south [115,116], thus likely breaking the connection between Central and
Southern Italy and initiating allopatric genetic differentiation. After that, haplogroup B
differentiated into subclusters. The Fondi plain was never reached by haplogroup A, likely
due to the isolation of local basins from north to east by the Ausoni-Aurunci mountains,
whose uplift started in the Pliocene [117], and from west to south by the sea. Conversely, in
the nearby Liri-Garigliano area (about only 30 km far from Fondi plain) and southward,
the main rivers originated in the Apennines and secondary contact occurred.

Neutrality tests and demographic parameters supported the demographic expansion
hypothesis for haplogroup B, with the main contribution provided by Fondi plain popu-
lations (SET, SPU). In these sites, several B haplotypes were connected by the haplotype
network in a typical star-like shape, due to the few mutations between each other. De-
mographic expansion can be explained by considering recovery after the glacial period,
and thus accounting for individuals spreading from glacial refugia after harsh climate
conditions, as already observed in other freshwater fishes [18,28]. Time since expansion
for haplogroup B was estimated at 20 and 9 Kya, while when recalculating for SET and
SPU it was only was 19 and 8 Kya, which is subsequential to the Last Glacial Maximum
(22 Kya). Thus, the Fondi plain could likely represented not only an area of isolation from
widespread haplogroup A but also a glacial refugium.

The distribution of lineage B also in the area between the Tyrrhenian northern border
of AC and the southern one of TL, i.e., Liri-Garigliano and the Fondi plain (and northward
to SIS site, see Figure 1), agrees with those of other freshwater fishes typical of the AC
district, such as the barbel Barbus fucini [97], and the loach Cobitis zanandreai [118]. We
suggest that the Tyrrhenian upper border of the AC district should be moved northward,
close to the Tiber river mouth, thus including the aforementioned area. On the Adriatic
slope, results from the two sites investigated did not allow us to identify the border between
the AC and the other districts; moreover, the distribution of other south Italy endemic
species in this area, such as Barbus samniticus [97], suggests movement of the border on this
side further north to the Vomano basin, thus including our FOR site.

4.4. Implication for Conservation and Management

From a management perspective, to prevent the local extinction of Sarmarutilus popu-
lations and preserve their genetic uniqueness, the following three main points emerged
from our analysis:

(a). New research is necessary to precisely map the distribution of lineage C. This new
putative cryptic species is endemic to the Magra-Vara basin and is found in tributaries
not included in protected areas; therefore, it could be particularly exposed to threats.
This underlines the importance of also protecting small river course habitats, as they
might represent refugia of relict native fish populations [119].

(b). Conservation actions required by the Habitats Directive for the South European
roach [35] should consider that haplogroups A and B represent two conservation
units, namely Evolutionary Significant Units (ESUs, for a synthesis of this definition,
see [120]) and as such should be managed.

(c). The main conservation efforts should be focused on avoiding the introduction of al-
lochthonous species, especially those that can compete or hybridize with Sarmarutilus.
In addition, the translocation of Sarmarutilus populations from different districts and
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within the AC district (where subclusters are present) should be avoided, as these
roaches represent different genetic entities.

5. Conclusions

Our phylogenetic analysis of roach species assigned all specimens from peninsular
Italy to the genus Sarmarutilus, while Albanian ones were assigned to the Leucos genus. We
highlighted the need for further in-depth analyses of roaches from Albanian lakes, as their
current identification as different species (L. allbus and L. basak) was not well supported,
and L. basak was revealed to be a paraphyletic taxon. We also suggest focusing on other
Balkanian taxa in future as relationships between species and the genetic distinctiveness of
some populations have yet to be fully understood.

A significative intraspecific difference within South European roach was already
noticed [20] (Appendix S1), and the need for further analyses and a taxonomical update
was suggested. Our phylogeographic analysis confirmed this idea by revealing a strong
genetic structure with a strict geographic basis across peninsular Italy, suggesting a long
history of isolation. Pleistocene vicariance events, due to the emergence of geographic
barriers such as mountainous ridges and volcanoes, promoted allopatric genetic divergence
among the three identified haplogroups, of which C could probably be considered as
a new putative cryptic species. This latter species, despite the high genetic divergence,
lacks morphological /meristic distinctive features; therefore, we are currently working on
geometric morphometrics to detect differences in shape which could differentiate the two
species. Haplogroups A and B underwent different phylogeographic histories, whereby
A originated in Central Italy, subsequently spread across the whole areal and came into
secondary contact with the other haplogroups, while B originated in the Tyrrhenian slope
of Central-Southern Italy, where it is currently restricted, and likely experienced further
allopatric diversification.

New data are needed to thoroughly assess the extent of S. rubilio genetic diversity,
from uninvestigated areas of native ranges and other nuclear molecular markers.
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Table S1. PCR conditions and primers for each amplified marker and PCR product length. Total volume reaction = 20 ul: 2 ul of 10x NH, Buffer, 0.6 ul of 50 mM MgCls, 0.4 pl of
dNTP mix (2.5 uM each dNTP), 0.2 pl of 100 uM of each primer, 0.14 pl of 5 Upl! of BIOTAQ™ DNA Polymerase (Bioline) and 10-100 ng of template DNA.

. . Gene length
Marker Primer sequence Reference PCR conditions (bp)
COoI FISHF1: 5 TCAACCAACCACAAAGACATTGGCACY [121] 95°C, 2 min - 30 cycles: 94°C, 30 s; 54°C, 30 s; 624
FishR2 5-ACTTCAGGGTGACCGAAGAATCAGAA-3¥ 72¢,1 min - 72°C, 10 min.
CR ESTFOR: 5’CATCGGTCTTGTAATCCGAAGAT3 [122] 95°C, 2 min - 30 cycles: 94°C, 30 s; 54°C, 30 s; 929-930
PHEIR: 5 ACATCTTCAGTGTTACGCTT3’ 72¢,1 min - 72°C, 10 min.
Cyfun P Cyp_un FLP1: 5’ AAGTGGTGCATCGTGTTGTG3’ [42] 94°C, 3 min - 35 cycles: 94°C, 30 s; 55°C, 30 s; 156-218*
Cyp_unFLIR: 5CAGCCTGAACAATCAAAACAGT 72%,1 min - 72°C, 10 min.
- S7RPEX1F: 5TGGCCTCTTCCTTGGCCGTC3 [123] 95°C, 3 min - 30 cycles: 95°C, 30 s; 54°C, 1 319-861*
S7RPEX2R: 5 AACTCGTCTGGCTTTTCGCC3’ min; 722, 2 min - 72°C, 10 min.

*total alignment including gaps
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Table S2. COI Sequences retrieved from GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and Barcode Of Life Data SYSTEM (www.boldsystems.org, in yellow) included in the

phylogenetic reconstruction.

Species label from
databases
(Genus Rutilus)

Accession Number

Current valid species name
(Eschmeyer Catalogue of Fishes,
https://www.calacademy.org/scie
ntists/projects/eschmeyers-

catalog-of-fishes)

Country (basin)

ID site (only S.
rubilio, see Figure 1)

R. albus MG806869 Leucos albus Albania (Drin)

R. albus KJ554332 Leucos albus Albania (Skadar lake)

R. albus KJ554244 Leucos albus Albania (Skadar lake)

R. albus KJ554242 Leucos albus Albania (Skadar lake)

R. aula KJ554532 Leucos aula Italy (Po)

R. aula KJ554171 Leucos aula Croatia (Zadar)

R. aula HM560323 Leucos aula Croatia (Bacisca lake)

R. aula MG806870 Leucos aula Croatia (Zrmanja)

R. basak MG806871 Leucos basak Bosnia and Herzegovina (Neretva)
R. basak HM560325 Leucos basak Bosnia and Herzegovina (Neretva)
R. basak KJ554498 Leucos basak Bosnia and Herzegovina (Neretva)
R. basak KJ554191 Leucos basak Bosnia and Herzegovina (Mandek)
R. frisii MG806872 Rutilus frisii Bulgaria (Rezowska)

R. frisii KJ554245 Rutilus frisii Bulgaria (Rezowska)

R. frisii MT756353 Rutilus frisii Iran (Gorgan Gulf Caspian Sea)

R. frisii MT756352 Rutilus frisii Iran (Gorgan Gulf Caspian Sea)

R. heckelii K]554478 Rutilus lacustris Greece (Volvi lake)

R. heckelii KJ554441 Rutilus lacustris Greece (Volvi lake)

R. heckelii KJ554358 Rutilus lacustris Greece (Volvi lake)

R. heckelii KJ554261 Rutilus lacustris Greece (Volvi lake)

R. kutum AQMO026-16 Rutilus kutum Iran (Mazandaran Province)

R. kutum AQMO027-16 Rutilus kutum Iran (Mazandaran Province)

R. kutum AQMO028-16 Rutilus kutum Iran (Mazandaran Province)
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R. kutum AQMO029-16 Rutilus kutum Iran (Mazandaran Province)

R. lacustris MT756380 Rutilus lacustris Iran (Gorgan Gulf Caspian Sea)

R. lacustris HQ561910 Rutilus lacustris Georgia (Rioni)

R. lacustris HQ561909 Rutilus lacustris Georgia (Rioni)

R. lacustris MG806873 Rutilus lacustris Greece (Struma)

R. meidingeri KR477255 Rutilus meidingeri Austria (Mondsee lake)

R. meidingeri KR477254 Rutilus meidingeri Austria (Mondsee lake)

R. meidingeri KR477253 Rutilus meidingeri Austria (Mondsee lake)

R. meidingeri KR477099 Rutilus meidingeri Austria (Mondsee lake)

R. ohridanus MG806874 Leucos basak Albania (Ohrid lake)

R. ohridanus KJ554509 Leucos basak Albania (Ohrid lake)

R. ohridanus KJ554414 Leucos basak Albania (Ohrid lake)

R. ohridanus KJ554350 Leucos basak Albania (Ohrid lake)

R. panosi MG806875 Leucos panosi Greece (Trichonis lake)

R. panosi KJ554528 Leucos panosi Greece (Trichonis lake)

R. panosi KJ554495 Leucos panosi Greece (Trichonis lake)

R. panosi KJ554396 Leucos panosi Greece (Trichonis lake)

R. pigus HM560327 Rutilus pigus Italy (Adda)

R. pigus HM560326 Rutilus pigus Italy (Adda)

R. pigus KJ554485 Rutilus pigus Italy (Como lake)

R. pigus KJ554328 Rutilus pigus Italy (Como lake)

R. prespensis KJ554482 Leucos basak Albania (Prespa lake)

R. prespensis KJ554471 Leucos basak Albania (Prespa lake)

R. prespensis KJ554468 Leucos basak Albania (Prespa lake)

R. prespensis KJ554445 Leucos basak Albania (Prespa lake)

R. rubilio KJ554475 Sarmarutilus rubilio Italy (Arno) ARN-Cas
R. rubilio KJ554114 Sarmarutilus rubilio Italy (Arno) ARN-Cas
R. rubilio KJ554324 Sarmarutilus rubilio Italy (Arno) ARN-Ter
R. rubilio KJ554212 Sarmarutilus rubilio Italy (Arno) ARN-Ter
R. rubilio KJ554352 Sarmarutilus rubilio Italy (Tiber) TIB-Ang
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R. rubilio KJ554250 Sarmarutilus rubilio Italy (Tiber) TIB-Ang
R. rubilio KJ554361 Sarmarutilus rubilio Italy (Tiber) TIB-Mon
R. rubilio KJ554088 Sarmarutilus rubilio Italy (Tiber) TIB-Mon
R. rubilio KJ554380 Sarmarutilus rubilio Italy (Sisto) SIS

R. rubilio KJ554226 Sarmarutilus rubilio Italy (Sisto) SIS

R. rubilio KJ554435 Sarmarutilus rubilio Italy (Fondi lake) FON

R. rubilio KJ554290 Sarmarutilus rubilio Italy (Fondi lake) FON

R. rubilio KJ554508 Sarmarutilus rubilio Italy (Volturno) VOL

R. rubilio KJ554364 Sarmarutilus rubilio Italy (Volturno) VOL

R. rubilio KJ554200 Sarmarutilus rubilio Italy (Volturno) VOL

R. rubilio KJ554118 Sarmarutilus rubilio Italy (Volturno) VOL

R. rubilio KJ554409 Sarmarutilus rubilio Italy (Crati) CRA

R. rubilio KJ554274 Sarmarutilus rubilio Italy (Crati) CRA

R. rubilio KJ554129 Sarmarutilus rubilio Italy (Crati) CRA

R. rutilus KT989765 Rutilus rutilus Russia (Plescheevo lake)

R. rutilus HQ961042 Rutilus rutilus Czech Republic (Ohre)

R. rutilus MW473258 Rutilus rutilus Germany (Rhine)

R. rutilus HM392103 Rutilus rutilus Germany (Danube)

R. virgo HM392106 Rutilus virgo Germany (Danube)

R. virgo HM392104 Rutilus virgo Germany (Vils)

R. virgo HM392102 Rutilus virgo Germany (Danube)

R. virgo MG806878 Rutilus virgo Croatia (Sava)

R. ylikiensis MG806879 Leucos ylikiensis Greece (Yliki lake)

R. ylikiensis KJ554524 Leucos ylikiensis Greece (Kifissos)

R. ylikiensis KJ554516 Leucos ylikiensis Greece (Kifissos)

R. ylikiensis KJ554316 Leucos ylikiensis Greece (Kifissos)
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Table S3. COI (a) and CR (b) diagnostic sites identified among the most frequent sequences of the three haplogroups found in Italian specimens. Deletions

are marked with “-“.

(a) Diagnostic COI (624 bp) sites

12222 2222223333 4444 4 4 4555 56

1
5 9 4 91

15557778 9003 8023567 9023351

4 6 48 6 902 6 06 95 4 3 904895 3 2 75 42 45 2

Position/
Haplotype

GTCGTGTGCCATCAAGCGCT GAGACCAATC
GTCGTGTGCCGTCAAACGTC CGGGACTGATT
ACTACACATTACTGGGTO CTTAGAGACGGCT

HpAO1
HpB01

HpC01

(b) Diagnostic CR (930 bp) sites

9

9

9
9

1 3 3 3 3 4 4 4 4 4555 6 6 6 6 7 7 7 88888 8 8 8

25847779166 7 9156 0157228033 47789
755 6 2126 37 35 3 4857 803045385 9 43 7 9 4

3
0

1
7 6

CAGTCCGGTGTTATGACTTTU CATAGGGAGT GGT AC
GAATCCGGAGCCAAGATTTTTTTGAAGAGTAGT AC
CGACTATTATTTGTATTO CCCTTAAAAAGAGAA -

Position/
Haplotype

HpAO1
HpBO1

G T

HpCo01
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Table S4. Diagnostic fragment of nuclear marker Cyfun P in Italian specimens subset. Individuals with specific VAR sequences are highlighted in green, variable sites/indels in
yellow; mtDNA lineage of each specimen is also reported. Missing data are marked with N, deletions with -.

CyfunP 1 11 1 1 1111 1111111111 11 1 1111111 11 1 1

f:;i:;ihxgﬁlp 44 45 5555 55 5 505666666 66667 77777777788 8

Number 6 78 9 0 1 234 5 6 7 89012345 67 890123 45¢67 89012
VARL 46 OM966266 C A ACA A AAAACACARAAA- - - AAATAAAAGGA - - - - - -
VAR] 49 OM966267 C A ACA WAAAAGCACANAAA- - - AAATAAAAGGA - - - - - -
VAR2 02 OM966268 A A ACA A AAAACACAGAAA--- AAATAAAAGGA - - - - - -
VAR2 09 OM966269 C A AC A A AAAACACANAAA- - - AAATAAAAGGA - - - - - -
VAR2 11 OM966270 C A AC A A AAAACANNNNNN - - NNNNNNNNNNN - -
VAR2 25 OM966271 C A AC A A AAAACACANAAA- - - AAATAAAAGGA - - - - - -
VAR2 32 OM966272 C A ACA WAAAAG CAG CANAAA- - - AAATAAAAGGA - - - - - -
VAR1 33 OM966273 A T AAA A AAAT A A A ANTAAAAT AAATAAANNNNNNNNNN
VAR1 43 OM966274 A T AAA WAAAT A A A AATAAAANNNNNNNNNNNNNNNNN N
VAR2 04 OM966275 C T AAA A AAAT A A A AATAAAAT AAATAANNNNNNNNNNN
VAR2 05 OM966276 C T AA A A AAAT A A AAATAAAAT AAATAAAAGGAAGTTTC
VAR2 06 OM966277 C T AA A A AAAT A A A AATAAAAT AAATAAAAGGAAGTTTC
VAR2 28 OM966278 A T AAA A AAAT A A AAATAAAAT AAATAAAAGGAAGTTTC
TIB1 26  OM966279 A T AAATAAAT A A A AATAAAAT AAANNNNNNNNNNNNNN
SCR 01  OM966280 A T AAA A AAAT A A AAATAAAAT AAATAAAAGGAAGTTTC
SCR_02  OM966281 A T AA A A AAAT A A A AATAAAAT AAATAAAAGGAAGTTTC
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Table S5. Inter- (below the diagonal) and intra-haplogroup (diagonal, in grey) genetic mean distances (CR); pairwise ®ST between CR haplogroups (above the diagonal).

0.0009 (0.0005) 0.94%%+ 0.97%%
0.96%**

0.0151 (+0.0040)

0.0013 (+0.0005)

0.0325 (+0.0062)

0.0291 (+0.0058)

0.0005 (+0.0005)
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Table S6. Population ®sr (CR) considering all the populations as they are (a) and splitting individuals by haplogroup for each one (b). Significance thresholds: * = P < 0.05;

**=P<0.01;, ** =P <0.001.

(@)

Haplogroup A/C Haplogroup A Haplogroup A/B Haplogroup B
VARI1 VAR2 TRO FOR ARR TIB1 TIB2 GAR SCR NOC SET SPU
HpA/C VARI1 -
VAR2 -0.05 -
HpA  TRO 0.29 0.3 -
FOR 0.28 0.33 0.05 -
ARR  0.31*** 0.35 0.68*** 0.64*** -
TIB1 0.38*** 0.43*** 0.13 0.13 0.45%%* -
TIB2 0.06 0.16 0.20 0.19 0.47 0.13 -
GAR 0.33 0.38 0.07 0.08 0.61%* 0.15%** 0.01 -
HpA/B  SCR 0.32%** 0.38** 0.18 0.17 0.36*** 0.21%** 0.01 0.11 -
NOC 0.09 0.16 0.42%%* 0.38*** 0.31%** 0.41%** 0.01 0.36*** 0.12 -
HpB SET 0.65** 0.58* 0.98** 0.97%%* 0.96** 0.95** 0.96*** 0.97* 0.90%** 0.87* -
SPU 0.51%** 0.47%%* 0.98*** 0.96*** 0.95%** 0.95%** 0.95 0.97%** 0.88*** 0.79%** 0.12 -
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(b)

Haplogroup C Haplogroup A Haplogroup B
VAR1_C VAR2_ C VARI_A VAR2_ A TRO FOR ARR TIB1 TIB2 SCR_A GAR NOC_A SET SPU SCR_B NOC_B
HpC VARI_C -
VAR2_C  -0.07 -
HpA VARI_A  0.99 0.99** -
VAR2_A 099 0.99* -0.03 -
TRO 0.99%%* .99 -0.04 0.01 -
FOR 0.99 0.99%** 0.02 0.04 0.05 -
ARR 0.97%% (.98 0.63 0.637*  0.68**  0.64™** -
TIB1 0.97*%* (.98 0.09 0.10 0.13 0.13 045> -
TIB2 0.97 0.98 0.22 0.18 0.20 0.19 0.47 0.13 -
SCR_A 097 097 0.23 0.19 0.28* 0.27**  0.49* 0.28%*  0.09 -
GAR 0.99*  0.99* 0.03 0.03 0.07 0.08* 0.61*** 0.15** 0.01 0.17 -
NOC_A 0.99 0.99%**  1.00*** 0.89 0.92%* 0.84*** 0.64™* 0.60***  0.55 035  0.67 -
HpB  SET 0.98*  0.98%*  0.97**  0.97%* 098 0.977* 0.96*** 0.95%* 0.96** 0.94** (0.97** (0.97**
SPU 0.98 0.98%**  0.98** .98  0.98** 0.98%* 0.95** 0.95** 095 0.93** 097** 098 012 -
SCR_B 0.98 0.98 1.00 0.99 0.99 0.98 0.94 095 094 093 098 1.00 0.89 0.87 -
NOC_B 0.98 0.98 1.00 0.99 0.99 0.98 0.94 095 094 093 098 1.00 092 091 1.00 -
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Figure S1. Haplotype network based on COI sequences obtained in this study. Each circle corresponds to one haplotype and its dimension is proportional to the haplotype
frequency. The number of nucleotide substitutions between haplotypes is indicated in parenthesis. Population abbreviations refer to Table 1. Letters (A, B, C) and boxes refer to S.
rubilio haplogroups as indicated in Figure 2.

55



(b)

Figure S2. Specimens with mtDNA and Cyfun P belonging to lineage C (a) and lineage A (b).

56



Haplogroups
B A
B B
Bl C
Italian ichthyogeographic
districts

CJpv

1L .
[ AC Tyrrhenian
Sarmarutilus rubilio range Sea

native 0 100 200 kr
introduced [ I A

e

Figure S3. Spatial haplogroups distribution in S. rubilio, based on 208 Italian CR sequences. ’
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CHAPTER 2

Phenotypic plasticity over genetic diversity:
ecomorphological patterns revealed in the eurytopic and
threatened Italian endemic freshwater fish Sarmarutilus

rubilio (Bonaparte, 1837)
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ABSTRACT

The large number of cryptic species and extensive intraspecific phenotypic plasticity among freshwater
fishes pose a challenge to the correct assessment of diversity within these taxa, which is crucial for their
conservation. Recently, three different genetic lineages have been identified within the Italian endemic
South European roach Sarmarutilus rubilio, a threatened species with a broad ecological niche. Using
geometric morphometrics we tested the existence of morphological differences associated with genetic
common ancestry, i.e. between lineages, and/or environmental parameters. We observed streamlined
body shapes in sites scarcely altered by human intervention and with fast water flow, and on the opposite
deeper body shapes in canals and one reservoir with slow/still water flow. Our results suggested
morphological diversity in the South European roach is mainly the result of phenotypic plasticity in
response to different environmental drivers (i.e. lotic vs lentic hydrodynamic patterns) rather than to

different genetic backgrounds.
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INTRODUCTION

Visual identification of freshwater fishes could be a difficult task, as many species show overlapping
meristic traits and similar morphological features (Ward, Hanner, & Hebert, 2009; Costa-Silva et al., 2015),
and numerous extreme cases of cryptic species (that can be recognized only by molecular approaches) are
reported (Palandacic et al., 2017; Arroyave, Martinez, & Stiassny, 2019). On the other hand, several taxa
show intraspecific morphological diversity across their geographic range, as a response faced by different
populations to changes in environmental features (i.e. phenotypic plasticity), like temperature (Lema et al.,
2019), water flow (Kelley et al., 2017), predation (Langerhans & Makowicz, 2009) and foraging (Kristjansson
et al., 2018), sometimes in combination with genetic trait diversity (Collin & Fumagalli, 2011). In the last
decade integration of molecular and morphological methods proved to be very useful in solving fish
taxonomic issues: the combined approach was successfully used in testing species delimitation between
closely related species (Tancioni et al., 2013; Terlecki et al., 2022), providing evidence of new cryptic ones
(Shelley et al., 2018; Garcez et al., 2018; Zaccara et al., 2019) and hybridization events (Hayden et al., 2010;
Rossi et al., 2016; Konopinski & Amirowicz, 2018), and allowing to distinguish between the genetic and
environmental basis of morphological diversity (Berbel-Filho et al., 2016; Ramler et al., 2017; Quadroni et
al., 2023).

The South European roach Sarmarutilus rubilio (Bonaparte, 1837) is a Leuciscidae fish - previously included
in the Cyprinidae, see (Schonhuth et al., 2018)-, endemic to freshwaters of peninsular Italy and introduced
in the southern area and Sicily island (Figure 1), and even in Tunisia (Djait et al., 2019) and Turkey (Keskin,
Unal, & Atar, 2016); some reports from Albania were recognized as different species (Petrosino et al.,
2022). The South European roach is an omnivorous species with a broad ecological niche (Balestrieri et al.,
2006) and it could be found in still waters (both natural lakes and artificial dam reservoirs), small rivers,
streams and canals, on substrates with rocks, pebbles, sand and gravel, but also muddy and rich in

submerged vegetation, mainly in lowland and hilly areas, though some populations were also found at 1250
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m above sea level (Bianco et al., 2013; Di Tizio & Di Felice, 2016). No morphological differentiation between
sexes is known, except for reddish fins and head tubercles visible in reproductive males (Bianco & Ketmaier,
2014). Despite being a eurytopic species, several local populations disappeared in the last decades,
especially in lakes, mainly due to the introduction of allochthonous species. Presently the South European
roach is declining (Bianco et al., 2013), and its conservation status was moved from Near Threatened to
Vulnerable (Rondinini, Battistoni, & Teofili, 2022). The species is also listed in Annex Il of the European
Union Habitats Directive, which includes species of community interest whose conservation requires the
designation of special areas of conservation (EEC, 1992). Recent investigations about S. rubilio genetic
diversity (Petrosino et al., 2022) revealed the existence of three mitochondrial lineages, named haplogroup
(Hp) A, B and C, likely originated in allopatry during the Pleistocene and subsequently experienced
secondary contact. The first lineage is widespread across the species range, the second is localized in South
Italy, coexisting with A in some sites and being exclusive in others, and the third was found in a few sites
from a single basin at the northern edge of S. rubilio native range and always together with A. The genetic
divergence observed in the mitochondrial cytochrome oxidase | between C and the other two lineages
exceeded the threshold generally accepted to discriminate between fish species (Ward, 2009), thus
suggesting it could belong to a new cryptic species; however, no differences in meristic counts supporting
the description of a new species were observed between lineage C specimens and the others.

Despite the high genetic and ecological diversity observed between different geographic areas, little is
known about morphological variations among S. rubilio lineages or populations, which may be a hint for
local adaptations (Young, Evans, & Simmons, 2011; COLLIN & FUMAGALLI, 2011) and/or phenotypic
plasticity. In the similar species Rutilus rutilus - the South European roach was indeed previously classified
as Rutilus rubilio, (Bianco & Ketmaier, 2014) - which also inhabits an array of different freshwater
environments, investigations using the genetic-morphology integrated approach revealed both genetic and
phenotypic differentiation between sympatric and allopatric populations, providing evidence for ecological
differentiation (Faulks et al., 2015; Rieder et al., 2019). Previous geometric morphometric analyses

involving S. rubilio didn’t find significant morphological differences between nearby populations (Bravi,
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Ruffini, & Scalici, 2013) and this was interpreted as the result of gene flow between tributaries in the same
basin.

In this study, we analysed S. rubilio specimens from thirteen populations sampled in different habitats
across the whole species range, to assess the degree of body shape variation and its relationship with the
species’ genetic diversity, shaped by past geological events, and the current environmental features of the
investigated sites. In detail we aimed to test whether differences in body shape can be observed: (1)
between the three identified mitochondrial lineages and thus whether specimens differing in their genetic
background could be associated with different body shapes and also provide new insights into the status of
the putative cryptic species; (2) between different freshwater habitats and thus make inferences about
which environmental factors, if any, contribute in shaping fish external morphology and how S. rutilus
populations respond to the diverse environments. These outcomes will increase our knowledge about the
limits of morphological diversity and plasticity in this vulnerable species, and be useful in future to evaluate
the effects of anthropogenic habitat alterations and impending climate changes on populations’ survival

(Berbel-Filho et al., 2016; Andres, Chien, & Knouft, 2019; Potts, Mandrak, & Chapman, 2021).

MATERIALS AND METHODS

SAMPLING AND DATA COLLECTION

Overall, 202 South European roaches from 13 sampling sites in lotic (12) and lentic (1) ecosystems were
analyzed. We used 146 specimens (from 9 sampling sites) that were already genetically analysed and were
representative of the three main mitochondrial genetic lineages identified for S. rubilio (Petrosino et al.,
2022). In addition, we enriched our sampling set with 56 newly collected specimens, from 4 further sites,

whose mitochondrial Control Region (CR) sequences were obtained in this study (Figure 1; Table 1).
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Figure 1. Geographic location of the study area (black and red rectangles, top right) and sampling sites: triangle indicates sites

investigated by Petrosino et al. (2022), circle indicates new sampled sites. For abbreviations refer to Table 1. S. rubilio distribution

according to IUCN (https://www.iucnredlist.org/species/19786/9014268, accessed on 19 December 2022) is also reported.
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Table 1. Sampling details for thirteen populations of South European roach. The sampling location, whether lotic (flowing waters) or
lentic (still waters) habitat, specimens previously analyzed in Petrosino et al. (2022) for the mitochondrial Control Region (CR),
geographic coordinates (datum = WGS84) and the sample size (N) are shown for each population. Sampling site IDs were named

accordingly to Petrosino et al., 2022, TRO and FOR sites from the previous study were here named TRO2 and FOR2.

Drainage Sampling Lotic/lentic Lat Lon
N CR
basin site ID waters (°N) (°E)
Magra-Vara VAR2 lotic 44,191 9.790 21  Petrosino et al 2022
Tronto TRO1 lotic 42.857 13.701 6 Present study
TRO2 lotic 42.802 13.465 12  Petrosino et al 2022
Foro FOR1 lotic 42.259 14189 7 Present study
FOR2 lotic 42246 14186 9 Petrosino et al 2022
Arrone ARR lotic 41914 12.265 15  Petrosino et al 2022
Tiber TIB1 lotic 42.173 12.545 31  Petrosino et al 2022
TIB2 lotic 41911 12.788 6 Petrosino et al 2022
TIB3 lentic 42.166 12.734 27  Present study
Fondi SET lotic 41368 13.421 20  Petrosino et al 2022
FON lotic 41.347 13.379 16  Present study
Santa Croce SCR lotic 41.287 13.716 8 Petrosino et al 2022
Liri-Garigliano  GAR lotic 41303 13.743 24  Petrosino et al 2022

Fish sampling was authorized by Regional Directions responsible for Hunting and Fishing activities and by
Directions of Protected areas (Prot. n.: Lazio G10101, 25 July 2019; Abruzzo DPD023/171, 12 April 2021;
Marche 213, 13 April 2021; Liguria 5166—2021, 30 August 2021; Aurunci protected area 0002963.U, 01

October 2021). Sampling, morphological identification of specimens and tissue collection for genetic
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analysis followed the procedures reported in Petrosino et al. (2022). For shape analysis all fishes were
photographed in the field in the left lateral view, using a Nikon D100 camera (28—-100 mm lens) fixed on a
tripod and using a reference scale. Seventeen environmental parameters were recorded at each site using
Eutech’s multi-parameter CyberScan PCD650 tester, visual estimation and GIS database (for details see

Table S1).

DNA EXTRACTION, AMPLIFICATION AND ANALYSIS

DNA was extracted from specimens’ fin clips and the mitochondrial control region (CR) was amplified and
sequenced following procedures reported in Petrosino et al. (2022). Sequences were then compared to
those from our previous study (Petrosino et al., 2022) and those available for S. rubilio in Genbank using the
Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990), to identify the mitochondrial lineage and
the haplotype for each new specimen. We used Arlequin 3.1 (Excoffier, Laval, & Schneider, 2005) to
calculate haplotype diversity (Hd) and nucleotide diversity (rt) for both haplogroups and populations and
the genetic differentiation between them as pairwise ®s; using Kimura 2-parameters distance K2P (Kimura,
1980), testing for significance with 10000 bootstrap replicates and Holm p-values correction (Holm, 1979).
Finally, we calculated K2P between specimens using Mega 11 (Tamura, Stecher, & Kumar, 2021), to further

investigate the correlation between genetics and morphological variation (see below).

MORPHOLOGICAL ANALYSIS
Morphological analysis of individuals’ left side was performed by measuring seventeen landmarks (LMs),

pointed on digital images using tpsDig2 ver 2.31 (Rohlf, 2017)(Figure 2).

Figure 2. Landmarks position for body shape analysis.

66



Subsequent geometric morphometrics analyses were performed using the packages geomorph version
4.0.4 (Adams et al., 2022) and Morpho version 2.10 (Schlager, 2017) in R version 4.0.3 (R Core Team, 2020).
A generalized Procrustes superimposition GPA (Rohlf & Slice, 1990) was performed on LMs coordinates to
remove non-shape variation and standardize each specimen to unit centroid size (CS). Aligned coordinates
were used for subsequent analyses.

We first used a principal component analysis (PCA) on the whole sample to assess the overall
morphological variation, highlighting both the site and the mitochondrial lineage for each specimen. Next,
to investigate further intergroup differences, we evaluated the level of morphological disparity between
sampling sites and between lineages by performing morphological disparity tests, with 10000 iterations and
Holm corrections; when lineages (i.e. haplogroups) where considered, variances were calculated using
residuals from sampling site mean for each specimen, to remove the effect of sampling location. To check
whether differences in sampling size between groups influenced the results of the disparity tests we re-
calculated variances using the rarefied_disparity function as implemented in GeometricMorphometricsMix
package (https://github.com/fruciano/GeometricMorphometricsMix, accessed 10 April 2023), setting the
minimum sampling size as 6 (i.e. the minimum number of specimens found among sites) for analysis
between sites and 7 (i.e. the minimum number of specimens found among lineages, specifically in C) for
analysis between haplogroups.

We performed a Procrustes ANOVA (Goodall, 1991) to investigate the effect on the shape of specimens’
mitochondrial lineage, collection site and size (i.e. allometry through CS values), including in our linear
model also the interaction among the latter two, setting 10000 iterations for significance testing.

In addition, we explored the correlation between phenotypic and genetic divergence performing a Mantel
test (Mantel, 1967) using pairwise Procustes (morphological) and CR Kimura2P (genetic) distances between
sites. Indeed, phenotypic divergence may be related to genetic differences due to an overall reduction in
gene flow between them, which can be measured using variation at mitochondrial CR as a proxy (Froufe et
al., 2003; Verspoor et al., 2010).

To investigate the relationship between morphological and environmental features we focused on

comparisons between running water sites, removing SET (the only still water environment) from the
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dataset to avoid any bias in the analysis, as its parameters were too different from those measured in the
other sites (e.g. higher values of width and depth, no run/riffle/pool structure). We first standardized
values for each environmental parameter (scaled to zero mean and unit variance) and subsequently we
performed a Partial Least Square (PLS) analysis (Rohlf & Corti, 2000) between shapes of the remaining 182
specimens and the 17 environmental variables collected, with 10000 iterations for significance testing. To
assess the contribution of each environmental parameter to the corresponding PLS axis, and thus their
putative influence on the observed shape changes, we extrapolated the first singular vector of the

environmental parameters block.

RESULTS

GENETIC ANALYSIS

We identified 21 Control Region haplotypes (929-930 base pairs) in our set of 202 specimens: 19 were
already identified (Petrosino et al., 2022), while 3 were new haplotypes (HpA13-15), all from the TIB3 site
and deposited in the GenBank online database (Accession Numbers 0Q139458-60) (Figure S1). Sequences
from the newly investigated sites (see Figure 1) TRO1, FOR1, and TIB3, all from Central Italy, clustered in
haplogroup A, while those from FON in haplogroup B, accordingly to the geographic distribution of
mitochondrial lineages previously observed (see Introduction). Haplotype diversity (Hd) ranged between
0.30 (GAR) and 0.75 (SCR) while m was generally low in all sites, except for VAR2 (m = 1.52) where
haplogroup A and C coexists (Table S2a). Molecular indices calculated per haplogroup were similar between
HpA and HpB (Hd = 0.5 and n% = 0.08), while HpC showed only one haplotype (Table S2b). The distance
between haplogroup A and B was 0.015, while those between C and A and between C and B were 0.032
and 0.029 respectively. Pairwise Ms;s were significant and high (OST > 0.5) when sites where haplogroup B
was exclusive (SET and FON) were compared to all the others; within haplogroup A, ARR was the most

differentiated site (Table S3).

GEOMETRIC MORPHOMETRICS
Specimens distribution along the first two PCA axes (25.37% and 14.32% of the variance respectively)

revealed shapes changes mainly along the PC1, from more elongated bodies, heads and bigger eyes
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(negative values) to deeper and shorter ones (positive values), while only a slight difference in caudal
peduncle length and body height was observed along PC2 (Figure 3).

When the sampling site partition was examined, Tiber sites (TIB1, TIB2, TIB3) specimens were observed at
the negative extreme of the PC1 axis, while GAR and SET were at the positive one. The Procrustes distances
confirmed the visual examination with the highest value observed between TIB2 and SET (0.053) and the
lowest between TRO2 and FOR2 (0.015). The disparity test revealed Procruste's variance within sites
ranged from 0.45x107 (TRO1) to 0.83x10° (FOR2) (Figure S2a), but differences among these values were
not significant.

Distribution along the PC1 axis according to mitochondrial lineages showed that almost all specimens
belonging to haplogroup C were in the negative half of the plot, while haplogroup B specimens were in the
positive one. Procrustes distance between A and B specimens and C and B ones was 0.022 and 0.030
respectively, while between A and C was 0.015 and no shape differences were observed by restricting the
analysis to VAR2 site, where they coexist (Figure S3). When the morphological disparity test was performed
Procrustes variances correponded to 0.70x107 (HpA), 0.59x10° (HpB) and 0.58x10 (HpC) and differences
between haplogroups were not significant (Figure S2b). When variances were re-calculated with the

rarefied_disparity function, no difference from previous analysed values was obtained.
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Figure 3. Scatterplot for the first two principal components (PC1 and PC2) of principal component analysis (PCA) for body shape.
Wireframe graphs indicate the shape changes along each axis, from the most negative value (grey) to the most positive one (black).
Colours and abbreviations as in Figure 1.

Procrustes ANOVA investigation revealed that the haplogroup partition explained 7.4% of the shape
variance, while 28.5% was influenced by the collection site and only 4.7% by each the fish size and the
interaction between size and collection site (Table 2). Collection sites shared mostly the same allometric
trajectory, however, for some of them we could observe steeper slopes (Figure 4). In VAR2, where
haplogroup A and C coexist, the two corresponding trajectories showed negligible differences. Plotting the
minimum and maximum shape scores predicted by the model revealed smaller specimens being more
streamlined in shape, and bigger ones more high and oval in profile, with smaller heads and eyes.

When the relationship between shape and genetics was investigated no correlation was found by the

Mantel test (R=0.10, p>0.05)
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Table 2. Procrustes ANOVA results, displaying the relative amount of shape variation attributable to mitochondrial lineage
(haplogroup), collection site (site), size and interaction among the latter two. SS = sum of squares, MS = mean squares, Rsq = R

squared, F = F statistic, p = p-value.

Factors Df SS MsS Rsq F P
Haplogroup 2 0.016 0.008 0.074 11.917 <0.001
Site 11 0.061 0.006 0.285 8.307 <0.001
Size 1 0.010 0.010 0.047 15.129 <0.001
Site: size 12 0.010 <0.001 0.047 1.251 0.038
Residuals 175 0.117 <0.001 0.546
Total 201 0.214
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Figure 4. Allometry plot: the X-axis represents the centroid size of the body, the Y-axis represents the regression scores of the
predicted values in the linear model. Wireframe graph indicates the predicted shape changes along the Y-axis, from the most
negative value (grey) to the most positive one (black) and is magnified 1.5 times to appreciate differences. Colours and

abbreviations as in Figure 1.
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When environmental parameters among running water sites were examined, we observed a low level of
correlations between different variables: among 272 comparisons only three provided a correlation higher
than the absolute value of 0.7: run vs riffle, run vs pool and width vs elevation. According to this low level of
overall correlation among the environmental variables we decided to keep all of them in the analysis. PLS
analysis returned significant correlations for almost all combinations of shape and environmental variables
vectors; we decided to focus only on the first one as it showed the highest correlation (0.74) and total
covariance (64.97%), while the others revealed lower values (R < 0.56 and total covariance < 20.49% ). In
the PLS plot corresponding to the first vectors pair (Figure 5a) specimens from Tiber basin sites (TIB1, TIB2
and TIB3) and SCR were associated with negative values of the environmental parameters first vector (X-
axis), with TIB1 specimens falling in the most extreme ones; conversely, ARR and FON specimens were
placed at the positive end; TRO2 and FOR1 overlapped both on the X and the Y-axis, while VAR2 and GRA,
despite being associated to the same X values, were well distinguished by shape on the Y-axis. Shapes
predicted by the linear correlation moved from slim (negative X-axis values) to oval (positive X-axis values)

shapes.
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Figure 5. a) PLS analysis plot: the X-axis represents the first singular vector of the environmental parameters matrix used for the
analysis, while the Y-axis the first singular vector of the landmarks block. Wireframe graph indicates the shape changes predicted by
the correlation model (red line), from the most negative value (grey) to the most positive one (black), the graph is magnified 2
times to appreciate changes. Colours and abbreviation as in Figure 1. b) Barplot for the first vector of PLS environmental
parameters block. Bars represent the contribution of each environmental parameter to positive (green bars) or negative (red bars)

X-axis values in the PLS plot (for parameters explanation see Table S1).
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The first singular vector of the environmental parameters block revealed that vegetation both in water and
over the banks mostly contributed to negative values observed in the plot, and also sand, percentage of
riffles (% of turbulent water flowing) and elevation showed values < -0.2, thus they were associated with
streamlined body shapes; on the opposite percentage of gravel and run (% of uniform water flowing) were

mostly associated with positive values and thus to deeper fish bodies (Figure 5b).

DISCUSSION

Intraspecific diversity, i.e. the genomic and phenotypic diversity found within and among populations, is the
basis for species adaptation and diversification, thus understanding its magnitude across species and the
mechanisms that originate and maintain it are fundamental for the conservation of biodiversity (Caballero
& Garcia-Dorado, 2013; Forsman & Wennersten, 2016; Mimura et al., 2017).

In this study genetic analysis of sites not previously investigated for Sarmarutilus rubilio provided new
mitochondrial haplotypes and confirmed the geographic pattern of diversity previously reported (see
Introduction): lineage A is the predominant one across the entire species range, it includes many
haplotypes and differing each other only by few mutations; lineage B is fixed in a restricted geographic area
between Central and South Italy; lineage C is the most divergent and is present exclusively at the northern
border of the species distribution, where it coexists with lineage A. At the same time, our investigations
revealed that South European roaches showed significantly diverse body shapes between sampling sites,
which differed in environmental characteristics.

The observed morphological diversity could therefore be a consequence of local adaptations fixed through
natural selection and thus having a genetic basis (Hendry, Taylor, & McPhail, 2002; Jeukens & Bernatchez,
2012), or the result of phenotypic plasticity in response to different ecological factors (Scharnweber et al.,
2013; Franssen, Stewart, & Schaefer, 2013b), or also a combination of both (Young et al., 2011; Franssen,
2011). Our genetic investigations focused on the mitochondrial Control Region, a non-coding marker and
thus not directly responsible for phenotypic variations; anyway, the genetic divergence observed in the CR
between populations may reflect differences in other genetic regions (e.g. genes and/or regulatory regions)

more involved in morpho-functional adaptations. The Procrustes ANOVA found a low but statistically
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supported relationship between genetic partition and morphological differences, but a deeper investigation
using pairwise Procustes and Kimura2P distances between sites showed no correlation. Morphological
variation in haplogroup B was restricted in the positive half of the PCA axisl, i.e. it showed deeper mean
body shape than haplogroup A; we currently cannot discriminate whether this is a fixed characteristic of B
lineage or exclusive of the investigated restricted area: indeed all specimens showing lineage B were
collected from FON and SET sites, which are only 5 km far from each other, along the same coastal plain.
Finally we revealed the absence of morphological differences between specimens belonging to lineage C (a
putative new cryptic species) and A in VAR2 site where they coexist. This suggests that the strong effect of
phenotypic plasticity (see below) may hide genetic-based morphological differences between the two
lineages when they are under the same environmental pressures (Franssen et al., 2013a), also considering
that putative lineage-fixed characteristics may be the result of allopatric genetic drift and not necessarily of
adaptation through natural selection; another explanation is that there may be no difference in body shape
between them, as also observed in other freshwater fish species complex (Arroyave, Martinez, & Stiassny,
2019).

This interpretation is supported by the Procrustes ANOVA, which indicated the collection site partition as a
more relevant factor than the haplogroup subdivision in explaining the observed body shape differences
within S. rubilio. Indeed most of the morphological differentiation was observed within haplogroup A,
between populations from diverse environments, suggesting that phenotypic plasticity is predominant over
lineage characteristics.

Ordination methods placed specimens along a mostly continuous gradient according to sites, with body
shape changing from streamlined to oval. The same changing pattern, but with a smaller amount of
variation, was observed also within populations and it was the result of allometric growth (i.e. specimens
assume more oval body shapes when growing in size) as previously reported for this species (Bravi et al.,
2013). Coupling environmental and specimens morphological differences among running water sites
revealed some interesting outcomes. Most streamlined fishes were found in sites where the water flow is
heterogeneous, due to the presence of pools and riffles; some of these sites are located in hilly

environments scarcely altered by human activities, thus explaining why they were also associated with
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relatively high elevation, slope and vegetation both in water and on banks. Conversely, fishes with the
deepest bodies were found in watercourses at low elevations, which are characterized by slow and
homogeneous water flow, and uniform cross-sections, that were highly altered by reclamation or flood
protection works. Differences in S. rubilio morphology are thus consistent with the “shape-water velocity”
patterns observed in other fish species (Jacquemin, Martin, & Pyron, 2013; Haas, Heins, & Blum, 2015).
Indeed, streamlined body shapes are suited for swimming in high water flow, as they minimize drag;
conversely, deep body shapes are fitted for complicated locomotor patterns where water flow is slower
(Langerhans & Reznick, 2010). South European roaches with the deepest bodies were observed in SET site,
which is a lentic environment, further suggesting that hydrodynamic pattern and in particular water
velocity may be the main driver in determining morphological responses.

Different body shapes in S. rubilio were also associated with percentages of sites’ streambed sediments.
We were not able to identify a clear explanation for this relationship if any exists: indeed the overall
granulometry composition of investigated watercourses may not best represent the mesohabitat
preferentially used by the South European roaches, which tends to mostly concentrate where the water
flow is relatively slower within each stretch that this species inhabits. However substrate-related
phenotypic diversification was found also within the leuciscid Rutilus rutilus and was suggested to be the
result of different feeding strategies (Rieder et al., 2019). Food availability and accessibility were proved to
strongly influence the diet of S. rubilio between different environments, and this species can turn to
suboptimal resources (i.e. vegetation instead of invertebrates) when in sympatry with similar ones and
competition for food arises (Balestrieri et al., 2006); noteworthy in SET site, where biggest specimens with
the deepest bodies were found, no other fish species that could potentially compete for food was found.
Deepening our knowledge about S. rubilio mesohabitat use, diet and habits in different environments could

thus provide further clues about its morphological response and adaptability.
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CONCLUSIONS

Our study revealed ecomorphological variation between populations of the South European roach and
suggested the hydro-morphological features and hydrodynamic pattern may be the main drivers of the
observed intraspecific shape diversity through phenotypic plasticity. Indeed, specimens showed
alternatively streamlined or oval average body shapes likely to optimize swimming in different freshwater
environments. We do not exclude that genetics may also play a role in shaping morphological diversity in
the South European roach; however, our results suggested that its contribution could be negligible, and
that phenotypic similarity/dissimilarity pattern linked to common genetic ancestry is obscured by the
environmental effect, i.e. by the expression of phenotypes locally adapted.

Further research is needed to clarify the role of genetic and environmental parameters in shaping S. rubilio
morphological differences: we suggest the use of markers more suited to detect a signature of selection
(He et al., 2013), the implementation of common garden experiments, i.e. analyzing shape changes in
specimens raised under controlled experimental conditions, from early life larval to adult stage (Langerhans
et al., 2004; Franssen, 2011; Dunn, O’Brien, & Closs, 2020), and also investigations concerning other
phenotypic traits, like skin colour variations, that could be related to both changes in environmental
features (Quadroni et al., 2023) and genetic background (Valette et al., 2023).

Increasing our knowledge about S. rubilio intraspecific morphological variation will be useful to predict the
effects of habitat alterations (e.g. water abstraction and climatic changes) on lineages’ and populations'

survival and thus for their sustainable management and conservation.
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SUPPLEMENTARY MATERIALS

Table S1. Seventeen environmental variables recorded for each sample site. Source data are reported in the first row in grey, and details for variables measurements are reported in rows below

the table.

Field measure-
ments with
Field measurements GIS data* Visual estimation on the field

multiparameter

tester**

Chemical-
Riffle-Pool-Run Sequence Riverbed Granulometry Vegetation Cover
Physical variables

Site ID  Flowing/still River Mean Max Elevation Slope (%) pH Water con- Run Pool Riffle Boulders Cobbles Gravel Sand Silt Vegetation Riparian

waters width depth depth (m) ductivity (%) (%) (%) (%) and (%) (%) and in water vegetation
(m) (m) (m) (1uS/cm) pebbles clay (%) shade (%)
(%) (%)

VAR2 flowing 4.0 0.3 1.3 68 2.0 7.9 560 70 20 10 10 20 60 10 0 15 20
TRO1 flowing 1.5 0.3 1.5 65 33 8.2 590 50 40 10 0 10 80 10 0 0 60
TRO2 flowing 6.5 0.8 1.3 262 8.0 7.9 610 70 20 10 70 10 20 0 0 40 20
FOR1 flowing 3.0 0.3 2 193 1.0 7.9 410 40 40 20 30 40 20 10 0 0 40
FOR2 flowing 4.0 0.3 0.6 227 3.3 8.7 459 50 10 40 10 30 50 10 0 0 30
ARR flowing 1.0 0.2 0.2 20 1.1 8.1 774 90 10 0 0 0 40 40 20 10 10
TIB1 flowing 3.0 0.3 0.8 107 1.7 7.5 587 35 30 35 0 0 10 90 0 40 80
TIB2 flowing 30 035 1.8 102 7.3 7.8 499 40 30 25 0 20 35 35 0 25 25
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TIB3 flowing 4.0 0.4 1.0 178 3.7 7.8 533 60 20 20 0 80 10 10 0 20 35

SET still 50.0 2.5 6.0 11 0.1 7.9 780 - - - 0 0 0 90 10 90 20
FON flowing 2.0 0.9 1.2 3 1.0 7.8 390 100 0 0 0 0 10 20 80 30 0
SCR flowing 3.0 0.8 1.5 33 2.3 7.0 530 70 20 10 0 10 20 60 10 40 60
GAR flowing 2.0 0.3 0.7 36 1.3 7.8 561 50 30 20 20 10 50 15 5 0 30

*extrapolated by Google Earth (http://www.google.com/earth/). Slope was calculated using the ‘Show Ruler’ tool, tracing a distance of 100 m upstream of the fish sampling site and measuring
the elevation (m) at the sampling site (s) and 100 m upstream (u), which served as inputs for solving the equation: slope = [(u — s)/100 m]. Site elevation was calculated as mean between elevation
at the site and that measured 100 m upstream

**Eutech’s multi-parameter CyberScan PCD650 tester

river width: mean distance between two point where waters surface come into contact with the banks, perpendicular to water flow

mean/max depth: depth measured from the water surface to the bottom of the river/lake

elevation: mean meters above the sea level measured at the sampling site

slope: ratio between the vertical change and the horizontal change between the initial and final points of the sampling transect (moving against flow)

pH: ph of the water in the sampling site

conductivity: measure of conductance (ion concentration) in microsiemens per cm (uS/cm)

runs: portion of the river in which water flows fast with no turbulence

pool: deep portion of the river in which water flows slowly

riffle: shallow portion of the river in which water flows turbulent

boulders: riverbed grains which size > 256 mm

cobbles and pebbles: riverbed grains which size between 32 and 256 mm
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gravel: riverbed grains which size between 2 and 32 mm

sand: riverbed grains which size between 0.0625 and 2 mm

Silt and clay: riverbed grains which size < 0.0625 mm

vegetation in water: river/lake surface covered by in water vegetation

riparian vegetation shade: vertically projected shape on water surface from surrounding vegetation
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Table S2. Summary of CR genetic diversity in specimens analysed for morphological differences, according to (a) populations and (b)
haplogroups. The sample size (N), the number of haplotypes (Hp), the haplotype diversity (Hd) and the nucleotide diversity (i) are
shown for each sampled population. Standard errors (s.e.) are given in parentheses for Hd and m.

(a)

Site N Hp (gi.) (fsé)
VAR2 21 3 (f(j_soss) (ilfi.sszt))
TRO1 6 2 (i%.azaz) (i%?oz;)
TRO2 12 1 - )
FOR1 7 1 . i
FOR?2 9 2 (i%ige) (i%.0045)
ARR 15 4 (J_,%iol) (1%.0098)
TIB1 31 4 (J_,%éooﬂ (1%?087)
TIB2 6 2 (i%?z) (i%?045)
TIB3 27 6 (i%?017) (i%.IOOS)

SET 20 5 (J_,O(')Z,lfg) (t%.()087)
FON 16 4 (ffgg) (1%9055)

SCR 8 4 (36?154) (i%.llsl)
GAR 24 3 (36?1) (i%éot)

. ) 072 071

(£0.03)  (#0.37)

(b)

Haplogroup N Hp (il.j.i.) (;Z’.)
A 159 15 (i06.5075) (569097)
B %03 (¢06.6007) (1%9076)
C 7 1 - -
Tot. 202 21 0.72 0.71

(£0.03)  (0.37)
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Table S3. Populations pairwise ®srs based on CR sequences of specimen analysed for morphological differences. Haplogroups found in this study for each population are indicated in the

first row. Significance thresholds: * =P < 0.05; ** = P < 0.01; *** = P < 0.001.

Haplogroup
Haplogroup A Haplogroup B
A/C
VAR2 TRO1 TRO2 FOR1 FOR2 ARR TIB1 TIB2 TIB3 SCR GAR SET FON
VAR2
TRO1 0.15
TRO2 0.23 0.12
FOR1 0.17 0.03 0.00
FOR2 0.20 0.07 0.17 0.09
ARR 0.29%** 0.56***  0.66***  0.60*** 0.58***
TIB1 0.34%%* 0.07 0.10 0.05 0.12 0.46
TIB2 0.15 0.00 0.12 0.03 0.07 0.53*** 0.07
TiB3 0.30 0.09 0.13 0.09 0.14 0.48***  0.19***  -0.04
SCR 0.19 0.24 0.40 0.30 0.30 0.49*** 0.31%*** 0.16 0.15
GAR 0.30 0.05 0.05 0.01 0.12 0.61***  0.14* -0.11 0.04 0.27
SET 0.60*** 0.96*** 0.97*** 0.96*** 0.96*** 0.95*** 0.95*** 0.96***  (0.94*** 0.94*** 0.96***
FON 0.58*** 0.97***  0.98***  (0.98*** 0.97***  0.96***  0.96***  0.97***  (0.95%** 0.95*** 0.97***  -0.04
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Figure S1. Haplotype network based on CR sequences of specimen analysed for morphological differences. Each circle corresponds
to one haplotype and its dimension is proportional to the haplotype frequency. The number of nucleotide substitutions between
haplotypes is indicated in parenthesis. Haplotype names and numeration follow those in Petrosino et al. (2022), with capital letters

identifying the lineage (A, B, C). Population abbreviations refer to Table 1.
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Figure S2. Morphological variance barplot (a) per population and (b) per haplogroup.
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Figure S3. Mean body shape for lineage C (gray) and A (black) specimens in VAR2 site. The graph is magnified 2 times.
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CHAPTER 3

Microsatellite polymorphism in Sarmarutilus rubilio:
insights into the complex phylogeographic history of an

Italian endemic freshwater fish
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Microsatellite polymorphism in Sarmarutilus rubilio: insights into the complex

phylogeographic history of an Italian endemic freshwater fish

ABSTRACT

In freshwater fish species microsatellite loci are very useful in disentangling genetic structure. Due to their
high mutation rate, they can provide insights about recent isolation or contemporary gene flow between
populations and complement mitochondrial investigations, which generally better depict historical
processes. In this study, we analysed genetic variation at nine microsatellite loci in the South European
roach, an ltalian endemic freshwater fish species, in which previous investigations revealed a complex
phylogeography and the presence of three different mitochondrial lineages, named A, B and C, the latter
suggested to be a putative cryptic species. We observed an overall genetic differentiation between
populations belonging to different basins, due to the lack of recent or contemporary connections between
them preventing gene flow. We also observed alleles diagnostic for lineage B, but none for C, due to its
complete admixing with A in the only basin in which it is present. Moreover, distinct allele frequencies of
populations where two lineages coexist suggested that past secondary contact events responsible for their
sympatry were followed by isolation of these sites, which lasts up to the present day, thus excluding fish
translocations in the last centuries as the main cause of this distribution. Anyway, translocations could
explain the only case of high inter-basin similarity observed, between the Tyrrhenian (Tiber River) and

Adriatic (Tronto River) slopes of Italy

INTRODUCTION

Genetic diversity in freshwater fishes is strongly dependent on geological events, which determined past
isolation and connection between river basins, and thus populations' genetic divergence, migration and
secondary contact events (Won, Jeon, & Suk, 2020; Perea et al., 2021; MacGuigan, Orr, & Near, 2023); in
addition, current characteristics of hydrographic networks, e.g. direction and intensity of water flow,
coupled with species-specific features (like habitat preferences and dispersal ability) and stochastic factors

can determine the amount of genetic differentiation also within rivers (Faulks, Gilligan, & Beheregaray,
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2010; Braga-Silva & Galetti, 2016; Pérez-Rodriguez et al., 2021). Microsatellites due to their high variation
in the number of repeats (i.e. number of alleles) have been widely used in these taxa as molecular markers,
often or in combination with mitochondrial ones, to assess the amount and distribution of genetic variation
and disentangle relationships between populations across and within basins, thus making inferences about
the drivers of the observed diversity or lack of it (Marchetto et al., 2010; Bezault et al., 2011; Wetjen et al.,
2020; Wang et al., 2022).

Microsatellite allele frequencies were also useful to evaluate the effects on genetic diversity of the most
common threats to the conservation of freshwater fish species, such as human mediate translocations of
specimens from different basins (Launey et al.,, 2006; Lopes-Cunha et al., 2012), hybridization with
introduced allochthonous species or lineages (Meraner et al., 2013; Rossi et al., 2022), and anthropic rivers
alteration and fragmentation (i.e. construction of dams, weirs and locks) (Fluker, Kuhajda, & Harris, 2014;
Gouskov et al., 2016).

These markers, therefore, represent a powerful tool not only for making inferences about the historical
and demographic events that shaped freshwater fishes’ genetic structure, but also for identifying
populations with unique characteristics which need protection and management interventions, and finally
to prevent the loss of genetic variability (Angienda et al., 2011; Kaus et al., 2019; Finger et al., 2022).

The South European roach Sarmarutilus rubilio (Bonaparte, 1837) is a small-medium-sized freshwater fish
species with a broad ecological niche, belonging to the Leuciscidae family (Schénhuth et al., 2018). It is
endemic to the ltalian peninsula (Bianco & Ketmaier, 2014), where it inhabits the basins on both the
Thyrrenian and Adriatic slopes of Central and South Italy and was also introduced in the southernmost ones
and Sicily (Bianco et al., 2013) (Figure 1). The basins in which this species is native were alternatively
connected and isolated from each other since Miocene and until the last glacial age (Bianco, 1995), and
therefore S. rubilio can be a good model for testing the relationship between genetic diversity, past
geological events and current isolation of hydrographic networks.

Recent phylogeographic investigations (Petrosino et al.,, 2022, 2023), based on maternally inherited
mitochondrial DNA (the barcoding fragment of cytochrome oxidase I, COl and the non-coding control

region, CR) revealed the existence of three different genetic lineages, named haplogroup (Hp) A, B and C;
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they show distinctive geographic distributions and likely originated in allopatry, partially according to the
boundaries of the ichthyogeographic districts identified in the Italian peninsula (Bianco, 2014). HpA is found
to be widespread across the species range, both in the Tyrrhenian and Adriatic slopes of Central Italy; HpB
is typical of Fondi Plain, a small area between Central and South Italy, and coexists with HpA in
southernmost sites; HpC, the most divergent ones, is found in only two sites from the same basin at the
northern edge of S. rubilio native range (Magra-Vara basin), always together with HpA. However, the
outcomes of these researches revealed the need for further investigations. In detail open questions
remained on whether (a) the coexistence of different lineages in the southernmost and northernmost areas
is the result of secondary contact that occurred due to past temporary connection between basins, or the
consequence of human-mediated translocation of specimens in the last centuries; (b) further genetic
subdivision, not detected by mitochondrial analysis, actually exists within haplogroup A according to
geographic barriers between basins (e.g. the Apennine Mountains between Tyrrhenian and Adriatic slopes)
or lack of gene flow within them. To answer these questions and deeper assess population diversity and
genetic structure based on mitochondrial data (Petrosino et al., 2022), we decided to genotype the same S.
rubilio populations at microsatellite loci (STR); indeed these markers are characterized by a mutation rate
higher than that of mtDNA, and thus are more suitable to unravel contemporary population structure and
gene flow, while mitochondrial markers generally depict historical processes (Sala-Bozano, Ketmaier, &
Mariani, 2009). In detail we aimed to: a) test the existence of distinctive alleles typical of each
mitochondrial lineage and identify nuclear patterns for the putative cryptic species; b) compare STRs
genetic structure with that inferred by mtDNA, to provide further insights about this species’
phylogeography, such as recent basins isolation or gene flow between populations. Finally, Considering that
the South European roach conservation status is currently classified as Vulnerable by the International
Union for the Conservation of Nature (Rondinini, Battistoni, & Teofili, 2022), these new outcomes will be
precious to identifying target populations for conservation interventions due to their genetic
distinctiveness, and guide future management actions as required by the by European Habitats Directive

for this species (EEC, 1992).
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MATERIALS AND METHODS

STUDY AREA, SAMPLE COLLECTION, AND DNA EXTRACTION

Our analysis was carried out on a subset of 196 specimens from 11 sites, covering most of the species
native range (Figure 1; Table 1), among those collected by Petrosino et al. (2022) and Petrosino et al.
(2023), which were already analysed for the mitochondrial control region (CR) and geometric
morphometrics. Fishes were caught by electrofishing, anaesthetized and released after taking a small fin
clip, that was fixed in 90 % ethanol (for sampling authorizations see the two cited papers). DNA was

extracted from fins using the salting out procedure reported by (Aljanabi & Martinez, 1997)
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Figure 1. Geographic location of the study area (black and red rectangles, top right), along with S. rubilio distribution according to
IUCN (https://www.iucnredlist.org/species/19786/9014268, accessed on 11 April 2022), and sampling site for populations analysed
for microsatellite loci. For site, abbreviations refer to Table 1. Modified from Petrosino et al. (2022); the extent of
ichthyogeographic districts was changed following the inferences from S. rubilio mitochondrial analysis discussed within the

reference paper
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Table 1. Summary of genetic variation for the nine microsatellites, along with sampling details for eleven populations of South
European roach from nine drainage basins in Italy. The sampling location (Site) and geographic coordinates (datum = WGS84), the
sample size (N), the mean number of alleles and percentage of private alleles (A), the allelic richness (A rich), the observed (Ho)
and expected (He) heterozygosity are shown for each population (Pop). Standard errors (s.e.) are given in parentheses for Hd, i, Ho
and He. Sampling sites (Pop ID) were named accordingly to Petrosino et al. (2022)and Petrosino et al. (2023); mitochondrial

haplogroups identified in those studies were indicated (Hap).

Microsatellites

Drainage Pop Lat Lon A A Ho He
Site N Hap
basin ID (°N) (°E) %private  rich  (ts.e.) (ts.e)
9.33 0.68 0.70
Magra-Vara Graveglia VAR2 44191 9.790 20 6.12 AandC
7.14% (0.01) (0.07)
5.11 0.65 0.62
Tronto Tronto TRO 42.802 13.465 15 4.33 A
2.17% (0.09) (0.07)
5.67 0.55 0.59
Foro Foro FOR 42.246 14.186 17 4.42 A
1.94% (0.10) (0.09)
5.67 0.58 0.57
Arrone Arrone ARR 41914 12.265 20 4.29 A
1.94% (0.08) (0.08)
7.44 0.67 0.67
Tiber Fosso San Vittorino TIB2 41911 12.788 18 5.28 A
9.01% (0.08) (0.06)
6.78 0.57 0.57
Fosso Corese TIB3 42170 12,745 25 4.55 A
6.49% (0.08) (0.08)
5.33 0.54 0.55
Fondi Settecannelle SET 41.368 13.421 20 4.30 B
2.06% (0.11) (0.12)
6,67 0.61 0.58
Canale San Magno FON 41.347 13.379 15 4.76 B
11,69% (0.11) (0.10)
6,67 0.59 0.61
Santa Croce Santa Croce SCR 41.287 13.716 22 4.74 AandB
4.95% (0.09) (0.08)
5.78 0.67 0.59
Liri-Garigliano Ausentello GAR 41.303 13.743 18 4.27 A
3.81% (0.09) (0.06)
3.22 0.54 0.47
Noce Canale Pamafi NOC 39.934 15.752 6 NA AandB
0% (0.11) (0.09)
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PCR AMPLIFICATION AND GENOTYPING

In the literature, there were no STRs specifically designed for S. rubilio or tested for cross-species
amplifications in this species. So we initially tested 12 polymorphic microsatellite markers among a subset
of those previously developed for other leuciscid species. We obtained successful amplifications and
genetic data for 9 of them, namely: Sluc5 and Slucl13 (Gigliarelli et al., 2012), LC27 (Seifertova et al., 2012),
LleA-150, Lsou05, BL1-T2, Cal, Ca3 and N7K4 (Dubut et al., 2010). Other 4 new loci were tested to replace
those for which amplification failed and they all returned satisfactory preliminary results; we are currently
amplifying and genotyping these new STRs to implement our data set to 13 microsatellite loci. For each
locus, we designed an optimized protocol, and the 5 end of one of the two primers was labelled with a
fluorescent dye (Table S1, S2). After microsatellites amplification was completed, we sent amplicons to
Macrogen company (dna.macrogen.com) for length polymorphism screening, which returned results as FSA
format files (ABI 3730x| System genetic analyzer with GeneScan-400HD as internal size standard was used
by the external service). Subsequently, we determined allele sizes for each specimen using the Peak

Scanner Software 2.0 (Applied Biosystems).

GENETIC DIVERSITY

Genetic diversity parameters, like the number of alleles, private alleles, observed and expected
heterozygosity, for each population were calculated with GenAlEx 6.5 (Peakall & Smouse, 2006); allelic
richness was calculated using the PopGenReport package version 3.0.7 (Adamack & Gruber, 2014) in R
version 4.0.3 (R Core Team, 2020), setting a random sample of 15 individuals per population to account for
different sample size. The frequency of null alleles was estimated with FreeNA (Chapuis & Estoup, 2007) for
each locus and population according to Dempster’s EM algorithm. GenePop 4.7.5 (Rousset, 2008) was used
for evaluating deviations from Hardy-Weinberg equilibrium and linkage disequilibrium, adjusting the p-
value with Holm correction (Holm, 1979). Signatures of recent population bottlenecks were tested in
BOTTLENECK 1.2 (Piry, Luikart, & Cornuet, 1999), setting the microsatellite mutation model (TPM: 95 %

single-step mutations and 5 % multistep mutations, variance among multiple steps = 12) with 10,000
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replications and one-tailed Wilcoxon signed-rank test for statistical significance. We also carried out an
outlier analysis to identify the presence of loci under selection using BayeScan 2.1 (Foll & Gaggiotti, 2008).
GENETIC STRUCTURE

Populations' genetic differentiation was estimated by calculating pairwise Nei’s Fsr in Arlequin 3.5 (Excoffier
& Lischer, 2010) and assessing significance with 10000 permutations with Holm correction. In addition, we
re-calculated pairwise Fss splitting VAR, SCR and NOC specimens into two groups each (VAR2-HpC, N = §;
VAR2-HpA, N = 12; SCR-HpA, N = 21; SCR-HpB, N = 1; NOC-HpA, N = 5; NOC-HpB, N = 1), according to their
mitochondrial lineage previously identified by (Petrosino et al., 2022), to test if different lineages within the
same population showed different alleles. Genetic relationships among populations were visualized with a
non-metric multidimensional scaling (NMDS) implemented in PAST 3.26 (Hammer, Harper, & Ryan, 2001),
based on the pairwise Fsts matrix. Fsr overall populations for each locus was estimated using Arlequin, with
10000 permutations to assess the contribution of each locus to the between-populations differentiation.

To make inferences about the number of genetic groups we performed a multi-locus Bayesian analysis of
population structure in STRUCTURE v.2.3.4 (Pritchard, Stephens, & Donnelly, 2000). We performed five
repeated runs of the admixture model with correlated allele frequencies for each K value in the range 1-14
(i.e. the maximum number of populations if we split VAR2, SCR and NOC into two groups each, see above)
and no population origin priors, setting 500,000 iterations after a burn-in period of 200,000 iterations; the
results of replicated runs were combined with CLUMPAK (Kopelman et al., 2015). To find the number of
groups (K) that best explain the genetic partition in our data we evaluated different methods using
Structure Selector (Li & Liu, 2018): the LnP method (Pritchard et al., 2000) based on the highest log
probability of K; the AK method (Evanno, Regnaut, & Goudet, 2005) based on the highest rate of change in
LnP between successive K; MedMedK, MedMeaK, MaxMedK and MaxMeaK estimators proposed by
Puechmaille (2016).

To test various hypotheses of (hierarchical) spatial patterns of genetic structure we also performed
AMOVAs (Analysis of Molecular Variance) using Arlequin and considering different options: (1) absence of
genetic structure (i.e., no grouping); (2) nine groups corresponding to basins; (3) four groups according to

combinations of mitochondrial lineages found in populations (see Hap column in Table 1). To further
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explore the relationship between the genetic structure revealed by the STR analysis and that identified by
the mtDNA, we tested the correlation between pairwise Fsrs and ®sy (the latter recalculated for the same

populations investigated here, using CR sequences from Petrosino et al., 2022 and Petrosino et al., 2023)

using the Mantel test.

RESULTS

GENETIC DIVERSITY

Presently we have complete data on 9 loci and the amplification of the remaining 4 loci is still going on. The
number of alleles at each locus ranged from 5 to 39 (Table S3). The highest mean number of alleles across
all loci was observed in VAR2 (9.33), which also showed the highest allelic richness (6.12); conversely, if we
exclude the NOC site due to its few specimens, the lowest values were observed in TRO and SET (5.11 and
5.33 respectively) while allelic richness was similar across all populations but VAR2 and TIB2 (Table 1).
Significant deviation from Hardy-Weinberg equilibrium was observed only in VAR2 at the Sluc5 locus (Table
S4), likely due to the presence of null alleles (30% of frequency); other null alleles were identified in single
loci/sites (Sluc5 in SCR, Cal in TRO and FOR, and LC27 in FOR), with frequencies between 11 and
16%)(Table S5). We excluded physical linkage between loci as linkage disequilibrium was significant (p <
0.05) in only 1 out of 396 comparisons (Ca3-Lsou05 in SCR). Bottleneck analysis revealed population size
reduction only in SET (p = 0.02). Finally, BayeScan analysis revealed the Sluc5 locus to be under selection (g-
value < 0.05), however, we decided to retain this locus in the subsequent analysis as we observed alleles
strongly associated with mitochondrial lineages and which highly contributed to populations differentiation

(see below).

GENETIC STRUCTURE

Most Pairwise Fsrs were significant, except for those involving NOC (due to its few specimens) and within
basins (SET and FON, TIB2 and TIB3). We also observed a lack of differentiation between TIB2 and some
populations from other basins (VAR2, TRO and ARR) (Table 2). The highest values of Fs; were observed

when comparing FON and SET to all other populations. When we split VAR2, SCR and NOC specimens
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according to mitochondrial lineages we didn’t observe differentiation in allelic frequencies within these

populations and overall Fs;s were identical to those observed without the split.

Table 2. Pairwise Fsr between populations. Significance thresholds: * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

VAR2 TRO FOR ARR TiB2 TIB3 SET FON SCR GAR NOC

VAR2

TRO 0.04*

FOR 0.09*** 0.04

ARR 0.08*** 0.03 0.11**
TiB2 0.02 -0.01 0.06**  0.02
> -
£
::: TIB3 0.04*** 0.01 0.11***  0.05*** 0.01
£ -
o
SET  0.27*** 0.33*** 0.28*** 0.35*** 0.30*** 0.36***
FON 0.25%** (0.32*** (.27*** (0.33*** (0.27*** 0.35*** 0.00 )
SCR  0.07*** 0.06*** 0.10*** 0.09*** 0.05*** 0.06*** 0.34*** 0.31***
GAR  0.12*** 0.10*** 0.13*** 0.15*** 0.08*** 0.13*** 0.36*** (0.33*** (.05**
>
s
g NOC -0.04 -0.03 -0.01 -0.04 -0.15 -0.05 0.20*** 0.16*** -0.08 -0.05
S
&

The NMDS analysis based on the Fss values provided ordination stress (0.25) slightly exceeding the
commonly accepted limit of 0.2. Considering that it should not be intended as a strict cutoff (Dexter et al.,
2018) we assumed the NMDS adequately represented the distances between populations: we observed
high divergence of SET and FON sites from all the others and, among the latter, a further divergence of SCR
and GAR from the remaining populations (Figure 2). When NMDS was repeated excluding SET and FON, we

did not observe clear ordination patterns.
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Figure 2. Non-metric multidimensional scaling based on Fs; matrix between populations. Colours and abbreviations as in Figure 1.

When Fs; contribution per locus was examined Sluc5 and Cal showed the highest values (0.47 and 0.29
respectively) (Table S6). We found that these results were linked to the frequencies of Sluc5 alleles 227 and
230 and Cal alleles 101 and 107: these were fixed in SET and FON populations (Table S3, Figure S1), in
which only mitochondrial haplogroup B was found (see Table 1), and were also observed in SCR, GAR and
NOC.

STRUCTURE analysis supported the presence of different population clusters (K): 2 (according to Evanno’s
method, Figure 2b), 5 (according to Puechmaille’s methods Figure S2c,d) and 6 (according to Puechmaille’s
and Pritchard’s methods, Figure S2a,e,f). When K=2 (as well as in the other options) SET and FON always
formed one homogenous cluster, distinct from all other populations, according to the NMDS analysis
(Figure 3a). When K = 5, VAR2 and South Italy populations (SCR, GAR and PAM) were considered as
different groups each despite few specimens showed not clear assignment (Figure 3b); finally, for K = 6,
ARR and FON sites are better defined as two different groups from TRO, TIB2 and TIB3 clusters, whose

individuals showed a similar amount of uncertainty in their classification (Figure 3c).
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VAR TRO FOR ARR TIB2 TIB3 SET FON SCR GAR NOC

Figure 3. Assignment graphs based on the individual genotypes in STRUCTURE for K = 2 (a), K =5 (b) and K = 6 (c). Each colour
represents an inferred genetic cluster, and each vertical line represents a single individual. Different colours in the vertical lines

show the proportion of assignment of a single individual to each cluster. Populations abbreviations refer to Table 1.

The AMOVA analysis provided significant results for the hypothesis of genetic variance partition according
to haplogroups combinations, showing the maximum variance among groups (16.81%) and the minimum
within groups (4.02% ) (Table 3). Conversely the hypothesis of genetic variance partition according to
drainages (nine groups) was rejected. A significant correlation (0.82, p < 0.01) was observed between STR

Fsr and mitochondrial CR @ (Table S7) .
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Table 3. AMOVA hierarchical analysis examining the partitioning of genetic variance of 9 microsatellite loci according to different
hypothesized structures: no structure (one group), drainages (nine groups), haplogroups combinations (four groups, see Table 1).

Significance thresholds: * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Number of groups Hierarchical
Variation% F-statistic
(group composition) level
Among populations 16.18 0.162***
One group

Within populations 83.82

Among groups 16.81 0.168**
Four groups: haplogroup combinations

Within groups 4.02 0.048***
VAR2/(TRO,FOR,ARR,TIB2,TIB3,GAR)/(SET,FON)/(SCR,NOC)

Within populations 79.17 0.208***

Among groups 16.11 0.161
Nine groups: Drainages

Within groups 0.66 0.007
VAR2/TRO/ARR/FOR/(TIB2,TIB3)/(SET,FON)/SCR/GAR/NOC

Within populations 83.23 0.167***

DISCUSSION

The distribution of intraspecific genetic diversity among populations is linked to historical dispersal
(affected by geological and climatic events) and current migration (ecological scale dispersal) (Miller-Sims et
al., 2008).

Microsatellite loci, due to their fast evolution rate, better assess genetic variation between populations at
short temporal (i.e. recently diverged populations) and spatial scale (e.g. within or between adjacent
basins) compared to other molecular markers, and thus can complement mtDNA data (Bartdkova, Bryja, &
Reichard, 2018). In this study, their application on the South European roach gave us further insights into
the relationships among populations, previously inferred from the mitochondrial analysis alone (Petrosino

et al., 2022).

GENETIC DIVERSITY

We tested nine microsatellite markers developed for other species and they all were polymorphic in S.
rubilio: excluding NOC (due to the few specimens analyzed), we found private alleles in each population,
which were all characterized by high genetic diversity (Ho and He > 0.5), according to the mean value of

heterozygosity (0.46) reported in freshwater fishes (DeWoody & Avise, 2000). We observed an overall
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significant differentiation between populations (47 out of 55 pairwise Fs; were statistically supported) with
contribution from all loci, but mainly Sluc5 and Cal, with the former being putatively under selection.
These two loci showed alleles highly associated with mitochondrial lineage B or A: fixed alleles in SET and
FON populations, where all specimens belong to haplogroup B, were found also in SCR and NOC, the ones
in which B was found too (see Table 1 and Figure S1), and they were never observed in Central Italy
populations, which is likely the origin area of haplogroup A (Petrosino et al., 2022); conversely no

association was observed between specific alleles and lineage C.

GENETIC STRUCTURE

The analyses of genetic differentiation between populations based on STRs were mostly concordant with
that defined by the mtDNA investigation (as revealed by AMOVA and Mantel test), supporting high
divergence of SET and FON from all the other populations. However STRs genetic structure showed some
discrepancies from that inferred from CR: more than four genetic groups (i.e. the number of haplogroup
combinations) were supported, pointing out the divergence of SCR and GAR in South Italy from the
remaining populations and further differences between central Italy populations, that were not detected by
the mtDNA phylogeographic analysis (Petrosino et al., 2022).

Among the three identified mitochondrial lineages, C was strictly localized in the basin corresponding to
VAR2, where it coexisted with A, and was the most differentiated. According to STRs analysis, we didn’t find
differences within VAR2 (between A and C lineage specimens) nor strong divergence of VAR2 from other
populations from Central Italy (Fs; < 0.1). However, this site could be distinguished from other populations
when five or six groups were defined, due to its specific allele frequencies. S. rubilio mtDNA data suggested
that the presence of two lineages in VAR2 could be explained considering that lineage A reached this site,
where the local population was characterized by the native lineage C when a connection between this basin
(Magra-Vara) and those of the southern area was established during glacial periods (Petrosino et al., 2022).
Now microsatellite data allowed us to better define this hypothesis: indeed, the past secondary contact and
hence the gene flow between the two allopatric lineages (A and C) was confirmed by the microsatellite high

heterozygosity and allelic richness observed in VAR2, and we can infer that this site subsequently
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experienced new isolation, that lasts up to the present day. Indeed, although VAR2 haplotypes of lineage A
correspond to those present in other populations, distinctive microsatellite allele frequencies in this site
suggest the independent evolution of this population after the secondary contact; furthermore according
to the high number of private alleles, gene flow between VAR and southern sites likely did not occur in
recent times (confirming the glacial period time scale hypothesis), similarly to what has already been
reported for another leuciscid species from ltaly, Squalius lucumonis (Rossi et al., 2021). Finally, the long-
term coexistence of two highly divergent lineages determined a full and distinctive intermixing of
genotypes (also indicating that likely the reproductive barriers were not stabilized) and as a result,
presently it is not possible to identify distinct alleles assemblages diagnostic for each of the two lineages in
VAR2, despite specimens homozygotic for specific C lineage nuclear sequences were identified with Cyfun P
nuclear marker (Petrosino et al., 2022). The genotypes’ intermixing could also had a role in determining the
lack of morphological differences observed between the two lineages in VAR2 (Petrosino et al., 2023), as
observed in hybridization events between other Leuciscidae species (Hayden et al., 2010; Vali¢ et al., 2013;
Tancioni et al., 2013). Finally, microsatellite data of VAR2 allowed us to exclude that the mitochondrial
admixture observed in this site is due to a recent human mediate translocation of fishes, as we didn’t find
specimens with alleles’ combination identical to that of any other basin, as conversely observed when
fishes are manipulated by human activities (Rossi et al., 2022; Kitada, 2022).

Microsatellites allowed a clear distinction between populations where haplogroup B is fixed (SET and FON
in Fondi plain) and all the others (Fs; > 0.2, K = 2); so despite the divergence of mitochondrial lineage B from
A is more recent than that of lineage C (Petrosino et al., 2022), the lack of secondary contact between A
and B in the Fondi plain preserved the original combination of alleles typical of the latter. Indeed the alleles
present here are likely diagnostic for lineage B (see below in the Discussion) however, considering that SET
and FON belong to the same hydrographic network which is isolated from the surrounding basins, we
cannot exclude that genetic drift following isolation (Nguyen & Sunnucks, 2012) may have contributed
further to their high divergence from any other site.

In South Italy SCR and GAR populations sites clustered together and were differentiated from the

populations from Central Italy (TRO, FOR, ARR, TIB2 and TIB3). Like in VAR2 the distinctive signature of SCR
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and GAR could be due to secondary contact, between Central Italy native lineage A and South Italy native B
(Petrosino et al., 2022), so the admixture of alleles typical of the two genetic groups may have produced
distinguishable allelic frequencies identified by STRUCTURE analysis. Indeed HpB haplotypes were found in
SCR, although only at low frequencies - only one out of thirty-two, see Petrosino et al. (2022) - and we
cannot exclude they could have been overlooked in the mitochondrial analysis of the geographically close
GAR population, due to not extensive sampling. To support this hypothesis we found that alleles fixed in
lineage B (observed in SET and FON) were also observed in SCR and GAR, but not in the populations from
Central Italy characterized by lineage A. Analysis of the additionally tested loci (see Materials and Methods)
will help in clarifying the relationship between South Italy populations and the others and why specimens
with mitochondrial haplogroup B are very few (or absent) compared to A ones in this area. Finally,
consideration on the southernmost site (NOC) could not be done, because of the few specimens analysed.
Further genetic divergence was observed between populations of Central Italy, all characterized by the
presence of lineage A only. According to K = 6, both ARR (Arrone basin) and FOR (Foro basin) clustered in a
different group, distinguishable from that of TRO, TIB2 and TIB3 (Tronto and Tiber basins), despite few
specimens misclassification. This structure is consistent with the hypothesis of lack of gene flow between
different yet geographically close basins (Arrone, Foro and Tiber) and conversely of current gene flow
within the same basin (i.e. between TIB2 and TIB3 within Tiber), as commonly observed within freshwater
fish species (Coleman et al., 2010; Wetjen et al., 2020; Amoutchi et al., 2023); noteworthy lack of genetic
differentiation was observed between Tronto and Tiber basins. ARR differentiation from Tiber populations
(TIB2, TIB3) was consistent with the slight divergence between them revealed by the mtDNA (Petrosino et
al., 2022, 2023). As TRO population is on the Adriatic slope, presently isolated from the TIB sites (Tiber
River, on the Tyrrhenian slope) we cannot exclude the translocations of individuals from the Tiber basin in
this site.

Finally, the lack of microsatellites differentiation between Tiber basin populations (TIB2 and TIB3) seems
consistent with current gene flow among them, or until very recent times, considering that several
anthropic barriers (i.e. dams and weirs) were built since 1950 in the investigated area. This is consistent

with the ecological features of the South European roach, a eurytopic species (Bianco et al., 2013; Di Tizio &
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Di Felice, 2016) that supposedly can disperse through different freshwater environments within the same
watercourse, allowing gene flow between populations. Indeed other species characterized by high specific
habitat preferences and fragmented distribution provided different results for the same sites within the
Tiber River (Rossi et al., 2021).

Analysis of more loci and one additional population from the Tiber basin is currently ongoing. Future results
will clarify whether there is a real lack of differentiation at the intrabasin (TIB2 vs TIB3) and interbasin (TRO
vs TIB2/3) scale and if this is related to effective gene flow between populations and/or human

translocations.

CONCLUSIONS AND MANAGEMENT IMPLICATIONS

Microsatellite analysis in S. rubilio allowed us to further deepen the phylogeographic structure revealed by
the mitochondrial investigation and provided useful data for species management.

First, VAR2 allelic frequencies (a) supported the distinction of this population from the others, and thus its
long-term isolation, but (b) demonstrated the complete admixing of the two distinct lineages (A and C)
present in this site. This, coupled with the lack of alleles diagnostic for the highly divergent lineage C and
the lack of morphological differences with A, does not support the hypothesis that the former currently
corresponds to a cryptic species.

Second, the complete genetic isolation of populations from a small area between Central and South Italy,
i.e. SET and FON in the Fondi plain suggested by mtDNA data was confirmed: these sites showed typical
microsatellite alleles associated with lineage B and strong divergence from other sites.

Thus our investigations underlined the genetic uniqueness of two distinct geographic areas: the Magra-
Vara basin (VAR2) and Fondi plain (SET and FON), that should be considered as distinct Management Units
— Mus, see Moritz (1994) and Allendorf (2017) - and prioritized in conservation actions required by the by
European Habitats Directive for S. rubilio (EEC, 1992). Indeed considering that they have limited geographic
extension, corresponding populations may be more susceptible to habitat alterations due to climate change

or human activities, or to other threats such as the introduction of allochthonous species.
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Third, distinctive allele frequencies in SCR/GAR sites allowed us to exclude recent human mediate
translocation to explain the coexistence of different lineages in this area. However the same cannot be
inferred in other geographic areas: further investigation is needed to clarify the relationship between the
Tiber basin and those from the Adriatic slope (e.g. TRO and FOR), to define where and how past geological
events and/or translocations allowed the South European roach to cross the Apennine Mountains barrier
among them (Bianco, 1994).

Finally, as a general comment on species management, we recommend the combined use of both in situ
interventions, i.e. sustainable conservation of stream flows, habitat restoration, pollution reduction and
“genetic sanctuary” creation (Arthington et al., 2016), and ex-situ ones, i.e. release of hatchery-reared
juveniles, with the necessity to use breeders collected from the same or the nearby areas of intervention to

preserve population genetic identity (Sousa-Santos, Gil, & Almada, 2014).
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SUPPLEMENTARY MATERIALS

Table S1 Name and characteristics of 13 microsatellite loci successfully amplified in Sarmarutilus rubilio. The 9 loci analysed in the present work are highlited in grey boxes.

Size range observed in

Annealing

Locus Repeat motif Sequence (5'-> 3') Dye Reference
Sarmarutilus rubilio temperature (°C)

F: GAGAAAGAGAGACCAATCCATAGTT Gigliarelli et al.,
Slucs (TTC)10(TTA)5 227-239 57 Hex

R: CCAAGCAAGCATCAAACCTG 2012

F: CACCCAGGCAATAAACAAGG Gigliarelli et al.,
Slucl3 (CA)35 202-264 57 Fam

R: GGGTTAAGGGTCGGTTTAGG 2012

F: TGTTTGCTCAGACAAAACTTTCA Dubut et al.,
BL1-T2 (TATC)9 243-295 60 Atto550

R: ACGGGTCTCAGATGATGCTC 2010

F: AAGACGATGCTGGATGTTTAC Dubut et al.,
Cal (CA)24 97-111 60 Hex

R: CTATAGCTTATCCCGGCAGTA 2010

F: GGACAGTGAGGGACGCAGAC Dubut et al.,
Ca3 (TAGA)14 228-416 60 Fam

R: TCTAGCCCCCAAATTTTACGG 2010

F:ACGAGCATCAGTATCCAGAGACAC Dubut et al.,
N7K4 (TG)16 156-172 63 Atto550

R:CATGTTTCCACATCTGAGCTAAAA 2010

F: TCCAGTTCTTCCTTCCTAATT Vyskocilova et
LC27 (CT)22(CACT)3(CT)2 146-154 60 Fam

R: GCGGAGGGAGAGTATGTCAA al., 2007

F:CTGAAGAAGACCCTGGTTCG Dubut et al.,
Lsou05 (CA)17 176-238 60 Hex

R:CCCACATCTGCTGACTCTGAC 2010

F:AAAGTGTAAATCCAGATGTTTAAGT Dubut et al.,
LleA-150 (GC)4(GT)22 176-246 60 Atto550

R:AAAGGATAATTTTCAGAGTAACGAG 2010

F: CACACTGGCACCTCTGACAT Gigliarelli et al.,
Slucl1 (CA)14 236-268 (preliminary data) 63 Hex

R: AGCCCCGTCAACAAACTGT 2012

F:TCAGACACAACTAACCGACC Dubut et al.,
LleC-090 (TC)15GG(TC)3 241-267 (preliminary data) 57 Fam

R:GGCGCTGTCCAGAACTGA 2010

F:TGCGTAATCGTGAAGCGGTG HEX 39 Dubut et al.,
Rser10 (GT)12 179-194 (preliminary data) 57 Hex

R:GCCACTAAAGCGCAGAAGCC 2010

F:TCATTTGGATAACAATCCATCATCAC Dubut et al.,
CtoG-075 (GC)4 206-222 (preliminary data) 57 Fam

R:ACTATGTTAGCATCCACACC 2010
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Table S2. PCR conditions (a) and reaction mix (b) applied for the amplification of microsatellite loci.

(a)
Number
Temperature Time
of cycles
Denaturation 94°C 3 minutes 1
Denaturation 95°C 30
seconds
Annealing see Table S1 45 30
seconds
Extension 72°C 1 minute
Extension 72°C 5 minutes 1
(b)
Component Stock solution concentration | Volume in a single raction tube (pl)
PCR-grade water -- 7.73
NH4 Buffer 10x 1
MgCl2 50 mM 0.3
dNTPs mix 2,5 uM each dNTP 0.2
Primer forward 100 uM 0.1
Primer reverse 100 uM 0.1
BIOTAQTM DNA Polymerase (Bioline) 5 Up.l'1 0.07
DNA 10-100 ng 0.5
Total 10
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Table S3. Allele frequencies and number of individuals examined (N) in each population at the nine completed loci (see Table S1).

Locus Allele/n VAR2 TRO FOR ARR TIB2 TIB3 SET FON SCR GAR NOC
Sluc5 N 20 15 12 18 18 23 20 15 22 18 6
227  0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000
230 0.150 0.000 0.000 0.000 0.000 0.000 1.000 0.967  0.045 0.000 0.333
233  0.375 0.867 0.917 0.944 0.667 0.848 0.000 0.000 0.591 0.583  0.667
236 0350 0.133 0.000 0.000 0.250 0.152 0.000 0.000 0.114 0.028 0.000
239 0.100 0.000 0.083 0.056  0.083 0.000 0.000 0.000 0.250 0.389 0.000
Sluc13 N 20 15 12 17 18 23 20 15 22 18 6
202 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.033 0.000 0.000 0.000
206 0.000 0.000 0.000 0.000 0.000 0.000 0.075 0.100 0.068 0.139  0.000
208 0.025 0.000 0.000 0.118 0.111 0.087  0.575 0.500 0.000 0.000 0.000
210 0.100 0.000 0.000 0.029 0.056 0.022 0.000 0.000 0.068 0.111 0.083
214 0.125 0.033 0.000 0.000 0.028 0.000 0.000 0.000 0.000 0.028 0.000
216  0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.045 0.222  0.000
218 0.000 0.000 0.208 0.000 0.000 0.000 0.000 0.000 0.136 0.083 0.000
220 0.125 0.467 0.250 0.500 0.389 0.543 0.350 0367 0477 0.250 0.500
222 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
224 0.150 0.067 0.000 0.059 0.000 0.043 0.000 0.000 0.091 0.083 0.083
226 0.050 0.100 0.000 0.000 0.056 0.109 0.000 0.000 0.000 0.000 0.083
228  0.025 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000
230 0.025 0.067 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.083
232 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000
234 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.056 0.000
236 0.125 0.000 0.000 0.000 0.028 0.022 0.000 0.000 0.045 0.000 0.167
238 0.000 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000
240 0.050 0.067 0.167 0.118 0.028 0.087 0.000 0.000 0.000 0.000 0.000
242 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000
244 0.000 0.000 0.000 0.088 0.000 0.000 0.000 0.000 0.023 0.000 0.000
246 0.050 0.033 0.000 0.029 0.139 0.000 0.000 0.000 0.045 0.000  0.000
252 0.000 0.167 0.167 0.059 0.000 0.022 0.000 0.000 0.000 0.000 0.000
254 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.000 0.000
258 0.050 0.000 0.042 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000
260 0.000 0.000 0.125 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
264 0.025 0.000 0.042 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
BL1-T2 N 20 15 12 17 18 23 20 14 22 18 6
243 0.775 0.667 0417 0.765 0.611 0.848 0.000 0.000 0.750 0.500 0.667
247  0.125 0.000 0.125 0.176 0.056  0.022 0.275 0.250  0.023 0.000  0.000
251 0.025 0.033 0375 0.000 0.111 0.022 0.475 0.464  0.159 0.194 0.167
255 0.000 0.133 0.083 0.000 0.028 0.043 0.100 0.179 0.000 0.028 0.167
259 0.000 0.000 0.000 0.000 0.111 0.065 0.000 0.000 0.023 0.028  0.000
263 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.056 0.000
267 0.000 0.067 0.000 0.059 0.000 0.000 0.000 0.036 0.045 0.167  0.000
271 0.050 0.100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
279 0.000 0.000 0.000 0.000 0.000 0.000 0.150 0.071 0.000 0.000 0.000
283 0.000 0.000 0.000 0.000 0.028 0.000 0.000 0.000 0.000 0.000 0.000
287  0.025 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
295 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.028 0.000
Cal N 20 14 12 18 18 24 20 15 22 18 6
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N7K4
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929
101
103
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107
111

228
232
236
240
244
248
252
256
260
264
268
272
276
280
284
288
292
296
300
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308
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320
324
328
332
336
340
344
348
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360
364
368
380
384
388
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0.700
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0.025
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0.125
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0.029
0.029
0.000
0.059
0.000
0.029
0.029
0.088
0.029
0.029
0.000
0.029
0.029
0.029
0.088
0.029
0.000
0.029
0.029
0.029
0.059
0.029
0.088
0.000
0.059
0.029
0.059
0.029
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

17
0.029

0.500
0.393
0.000
0.107
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.125
0.125
0.000
0.063
0.250
0.000
0.063
0.063
0.063
0.063
0.000
0.063
0.000
0.000
0.000
0.000
0.063
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.000

0.000

0.208
0.708
0.000
0.000
0.083
0.000
0.000

13
0.000
0.038
0.038
0.000
0.038
0.077
0.077
0.038
0.038
0.115
0.038
0.000
0.192
0.000
0.000
0.000
0.000
0.000
0.038
0.154
0.000
0.000
0.000
0.038
0.000
0.077
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

14
0.000

0.667
0.139
0.000
0.194
0.000
0.000
0.000

17
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.147
0.029
0.088
0.000
0.000
0.118
0.029
0.000
0.029
0.029
0.088
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.088
0.029
0.000
0.206
0.059
0.000
0.029
0.000
0.000
0.000
0.000
0.000

17
0.000

122

0.667
0.083
0.000
0.194
0.028
0.000
0.028

17
0.000
0.000
0.000
0.118
0.029
0.000
0.088
0.000
0.000
0.000
0.029
0.029
0.029
0.088
0.000
0.000
0.088
0.059
0.000
0.147
0.000
0.029
0.000
0.059
0.029
0.000
0.000
0.029
0.000
0.029
0.029
0.029
0.000
0.000
0.000
0.000
0.059
0.000
0.000

17
0.029

0.708
0.271
0.000
0.021
0.000
0.000
0.000

18
0.000
0.000
0.000
0.000
0.000
0.083
0.056
0.000
0.000
0.056
0.000
0.028
0.139
0.083
0.000
0.194
0.083
0.028
0.000
0.000
0.056
0.000
0.000
0.000
0.000
0.000
0.056
0.000
0.028
0.000
0.028
0.000
0.000
0.000
0.000
0.028
0.000
0.000
0.056

18
0.000

0.000
0.000
0.675
0.000
0.025
0.300
0.000

17
0.000
0.059
0.118
0.118
0.235
0.088
0.000
0.118
0.118
0.088
0.000
0.000
0.059
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

19
0.000

0.000
0.000
0.667
0.000
0.033
0.300
0.000

14
0.036
0.036
0.143
0.393
0.107
0.036
0.036
0.071
0.071
0.000
0.000
0.036
0.036
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

14
0.000

0.568
0.273
0.159
0.000
0.000
0.000
0.000

19
0.079
0.000
0.000
0.000
0.000
0.000
0.026
0.105
0.000
0.000
0.211
0.026
0.079
0.158
0.026
0.079
0.000
0.000
0.079
0.000
0.000
0.026
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.053
0.000
0.053
0.000
0.000
0.000
0.000

20
0.025

0.722
0.250
0.028
0.000
0.000
0.000
0.000

16
0.094
0.000
0.000
0.000
0.000
0.000
0.000
0.031
0.000
0.031
0.031
0.063
0.219
0.000
0.031
0.094
0.000
0.031
0.000
0.000
0.000
0.313
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.063
0.000
0.000
0.000
0.000
0.000
0.000
0.000

17
0.059

0.667
0.167
0.083
0.000
0.000
0.000
0.083

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000



LC27

Lsou05

LleA

158
160
162
164
166
168
172

146
148
152
154

176
180
184
186
188
190
192
194
196
198
200
202
204
206
208
210
212
214
238

176
178
180
182
186
188
190
192
194
196
198
200
202
204
206
208

0.059
0.324
0.235
0.235
0.088
0.029
0.000

20
0.750
0.100
0.100
0.050

20
0.125
0.150
0.125
0.100
0.375
0.075
0.000
0.050
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

20
0.250
0.100
0.075
0.050
0.150
0.025
0.075
0.000
0.100
0.000
0.025
0.050
0.025
0.025
0.050
0.000

0.000
0.438
0.250
0.313
0.000
0.000
0.000

11
0.682
0.000
0.318
0.000

11
0.045
0.364
0.091
0.000
0.091
0.364
0.000
0.045
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

11
0.273
0.000
0.000
0.091
0.136
0.000
0.000
0.227
0.000
0.000
0.227
0.000
0.000
0.000
0.000
0.000

0.000
0.393
0.464
0.143
0.000
0.000
0.000

15
0.867
0.000
0.133
0.000

15
0.067
0.533
0.033
0.033
0.033
0.200
0.000
0.100
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

16
0.156
0.375
0.000
0.000
0.000
0.000
0.031
0.188
0.000
0.000
0.031
0.000
0.000
0.000
0.031
0.031

0.000
0.412
0.471
0.059
0.000
0.000
0.059

19
0.684
0.000
0.316
0.000

19
0.500
0.184
0.132
0.132
0.000
0.000
0.000
0.053
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

19
0.158
0.211
0.000
0.211
0.079
0.000
0.000
0.026
0.132
0.026
0.105
0.000
0.000
0.026
0.000
0.026
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0.059
0.441
0.206
0.235
0.000
0.029
0.000

13
0.731
0.038
0.231
0.000

13
0.192
0.385
0.192
0.000
0.038
0.192
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

13
0.231
0.000
0.000
0.154
0.077
0.000
0.077
0.077
0.000
0.000
0.231
0.038
0.000
0.000
0.000
0.000

0.028
0.417
0.139
0.417
0.000
0.000
0.000

21
0.738
0.048
0.214
0.000

20
0.125
0.375
0.025
0.225
0.150
0.075
0.025
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

21
0.310
0.190
0.000
0.000
0.071
0.000
0.048
0.024
0.000
0.048
0.024
0.095
0.048
0.119
0.024
0.000

0.000
0.000
0.289
0.132
0.553
0.026
0.000

20
1.000
0.000
0.000
0.000

20
0.000
0.100
0.000
0.000
0.075
0.100
0.000
0.000
0.000
0.150
0.075
0.000
0.125
0.000
0.125
0.125
0.125
0.000
0.000

20
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.143
0.250
0.107
0.429
0.036
0.036

14
0.893
0.071
0.036
0.000

13
0.000
0.077
0.000
0.000
0.115
0.077
0.038
0.000
0.077
0.346
0.038
0.038
0.000
0.038
0.038
0.038
0.000
0.077
0.000

14
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.900
0.025
0.050
0.000
0.000
0.000

17
0.676
0.029
0.294
0.000

16
0.000
0.250
0.125
0.281
0.000
0.031
0.031
0.000
0.000
0.000
0.000
0.000
0.094
0.000
0.031
0.031
0.094
0.000
0.031

17
0.235
0.088
0.000
0.000
0.059
0.000
0.206
0.029
0.000
0.000
0.088
0.206
0.000
0.000
0.000
0.000

0.000
0.853
0.000
0.059
0.000
0.029
0.000

18
0.556
0.139
0.306
0.000

17
0.000
0.471
0.118
0.118
0.000
0.147
0.118
0.000
0.000
0.000
0.000
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.000

18
0.056
0.028
0.000
0.000
0.028
0.000
0.694
0.000
0.000
0.000
0.000
0.056
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.417
0.167
0.417
0.000

0.000
0.167
0.167
0.000
0.000
0.500
0.000
0.000
0.000
0.083
0.000
0.000
0.000
0.000
0.000
0.083
0.000
0.000
0.000

0.000
0.167
0.000
0.000
0.000
0.000
0.417
0.000
0.083
0.000
0.000
0.000
0.000
0.000
0.000
0.083



210
212
214
216
218
220
222
224
226
228
230
232
236
238
240
242
244
246

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.045
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.063
0.000
0.094
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
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0.038
0.000
0.000
0.000
0.077
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.100
0.025
0.025
0.025
0.050
0.000
0.050
0.100
0.025
0.000
0.075
0.125
0.100
0.075
0.175
0.050
0.000

0.000
0.179
0.000
0.036
0.000
0.036
0.071
0.000
0.214
0.036
0.036
0.143
0.071
0.036
0.036
0.036
0.036
0.036

0.000
0.000
0.000
0.059
0.029
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.139
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.167
0.000
0.000
0.083
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000



Table S4. Hardy-Weinberg equilibrium p-tests per population and 9 microsatellite loci. Significant p-values (p < 0.05) after Holm

correction are given in bold.

Sluc5 Sluc13 BL1-T2 Cal Ca3 N7K4 LC27 Lsou05 LleA-150
VAR2 0.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
TRO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
FOR 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
ARR 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
TIB2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
TIB3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
SET NA 1.00 1.00 1.00 1.00 1.00 NA 1.00 1.00
FON NA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
SCR 0.07 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.59
GAR 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
PAM 1.00 1.00 1.00 1.00 NA NA 1.00 1.00 1.00
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Table S5. Estimated frequencies of null alleles for 9 microsatellite loci and 11 populations according to Dempster’s EM algorithm.

Frequencies higher than 10% are indicated in the grey boxes

Sluc5 Sluc13 BL1-T2 Cal Ca3 N7K4 LC27 Lsou05 LleA-150
VAR2 0.30 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.02
TRO 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00
FOR 0.00 0.07 0.00 0.15 0.00 0.03 0.11 0.06 0.00
ARR 0.00 0.00 0.00 0.00 0.04 0.02 0.01 0.00 0.00
TIB2 0.00 0.00 0.09 0.04 0.00 0.01 0.06 0.00 0.06
TIB3 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.03
SET 0.00 0.01 0.06 0.00 0.05 0.00 0.00 0.05 0.00
FON 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
SCR 0.16 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.05
GAR 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
PAM 0.00 0.00 0.00 0.00 NA NA 0.00 0.00 0.00
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Table S6. Fsrs per locus and average across all samples; significance thresholds: ** = p <0.01; *** =p <0.001.

FST
Sluc5 0.47438***
Sluc13 0.09633***

BL1-T2 0.20939***

Cal 0.28879***
Ca3 0.05788***
N7K4 0.21394***
LC27 0.05802**

Lsou05 0.10283***
LleA 0.11237***

Average 0.17134*%**
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Table S7: Fixation index ®s; (CR) calculated using sequences from Petrosino et al., 2022 and Petrosino et al., 2023.
Significance thresholds after Holm correction: * =P < 0.05; ** =P < 0.01; *** = P <0.001.

Haplogroup | population | VAR2 ~ TRO FOR ARR TIB2 TIB3 SET FON SCR GAR  PAM
HpA/C VAR2 -

HpA TRO 0.27 -

HpA FOR 0.26 0.05 -

HpA ARR 0.28*  0.68*** (,64*** -

HpA TIB2 0.20 0.07 0.09  0.53*** -

HpA TIB3 0.29* 0.16 0.15  0.48***  0.00 -

HpB SET 0.56%** (.97*** (,96*** (.95%** (.95%** (g4x** -

HpB FON 0.54%** (.98*** (.97**%* (96*** (096*** (0.95*** -0.04 -

HpA/B SCR 0.29%*  0.18* 0.17 0.36***  0.08 0.09  0.90*** 0.90*** -

HpA GAR 0.29* 0.07 0.08 0.61***  -0.04 0.04  0.96*** 0.97*** 011 -
HpA/B NOC 0.12  0.42*%** (.38*** (31** (.19 0.22  0.87*** 0.87*** 0.12 0.36** -
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Figure S1. Graphical representation of relative abundances of alleles in each population at locus Sluc5 (a) and Cal (b).
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Figure S2. Support to different K clustering according to Pritchard’s (a), Evanno’s (b) and Puechmaille’s (c-f) methods.
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GENERAL CONCLUSIONS

The genetic and morphological analyses reported in this thesis provided new valuable data about
Sarmarutilus rubilio intraspecific diversity, i.e. genetic structure, phylogeography and
ecomorphological variation. The combined use of multiple molecular markers, geometric
morphometrics and environmental parameters allowed us to achieve the phD aims, test the
different hypotheses on the drivers shaping species diversity and provide data useful for the

management of this Italian endemic and threatened species.

Phylogenetic and phylogeographic analysis

The mitochondrial markers (COl and CR) first revealed that the Albanian S. rubilio-like fishes are
not strictly related to the genus Sarmarutilus, as they clustered instead with other Balkanian taxa
belonging to the genus Leucos. This allowed us to exclude the presence of this Italian species in
that geographic area. At the same time, all the Italian specimens visually identified as S. rubilio
belonged to a monophyletic clade genetically distinct from the other species of roaches (Rutilus
and Leucos genera). Intraspecific investigations, using also the nuclear marker Cyfun P, coupled
with geological data of the sampled sites revealed that past events, i.e. hydrogeological evolution
of basins and their isolation, caused the allopatric divergence of three different mitochondrial
lineages within the South European roach, named A, B and C. The first split, originating lineage C,
occurred at the northern border of this species range, the Magra-Vara basin, during the Early
Pleistocene; the high divergence of this lineage suggested its status as a putative cryptic species.
Subsequently, other geological events allowed the divergence between lineage A and B, in Central
and South Italy respectively. The current distribution of mitochondrial haplotypes revealed that in
more recent historical times, i.e. during the last glacial periods, lineage A extended its range and
secondary contact events occurred at the northern and southern part of the overall species
distribution. Lineage C, restricted to the Magra-Vara basin, is always present together with A,
while in South Italy (Fondi plain, Southern Latium region) populations characterized by exclusive

lineage B remained isolated. Native distribution of S. rubilio lineages is congruent with the
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genetic-geographic structure of other Italian endemic freshwater fish species and contributed to a

better definition of the borders between ichthyogeographic districts, which is still debated.

Genetic and environmental contributions to morphological differences

Geometric morphometrics analysis confirmed in S. rubilio the existence of intraspecific
morphological variations between populations. The main changes were observed in the overall
body shape, i.e. more streamlined fishes vs more oval ones. On average, lineage B specimens
showed a slightly deeper body than A ones; however, analysis of variance pointed out the little
contribution of genetic differences in explaining the observed differences, which were mostly
influenced by the sampling site (population) factor, i.e. by differences in overall environmental
characteristics. Indeed, streamlined body shapes were observed in sites scarcely altered by
human intervention and with fast water flow, and on the opposite deeper body shapes were
observed in canals and one reservoir with slow/still water flow. In freshwater fishes streamlined
body shapes are generally suited for swimming in high water flow, as they minimize drag, while
deep body shapes are conversely fitted for complicated locomotor patterns where water flow is
slower; thus, changes in shapes likely occurred in S. rubilio to optimize swimming in different
freshwater environments. The observed differences are therefore the effect of phenotypic
plasticity in response to different hydro-morphological features and hydrodynamic patterns.
Finally, the existence of specific lineage-linked morphological characteristics that may be the

result of allopatric genetic drift rather than natural selection cannot be excluded.

Population structure and gene flow

To deepen the outcomes of the mitochondrial markers investigation, | used nine microsatellite
loci, which are better suited for providing insights about recent isolation and contemporary gene
flow between populations. Magra-Vara population is differentiated from any other, and
mitochondrial lineage A and C are completely admixed, so it’s not possible to identify allele

assemblages diagnostic for each of them; coupling this result with the lack of morphological
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differences observed in Chapter 1 and 2, lineage C can not be identified as a cryptic species. As no
specimens with a genotype identical to that of other populations were found in this area, this
allowed us to exclude the translocation of fishes in this site in the last centuries, as the cause of
the coexistence of two highly divergent lineages.

Populations from the Fondi plain (where only lineage B is present), are still isolated and
characterized by high frequencies of typical alleles, absent in populations from Central Italy
characterized by lineage A. These populations are highly differentiated from any other, likely due
to strong genetic drift and the. South Italy populations, in sites where the coexistence of A and B
lineages was recorded, clustered together and their distinct alleles assemblage testify the result
of the admixing between different lineages and their subsequent independent evolution in this
area (like in Magra-Vara). In the remaining population from Central Italy, where only lineage A
was found, microsatellites revealed further substructures for populations between different yet
adjacent basins, not detected by the previous mitochondrial analysis. A noteworthy lack of
differentiation was observed within the Tiber basin and between the Tiber, on the Tyrrhenian
slope, and the Tronto River, on the Adriatic one. Currently, the amplification and the genotyping
of four new loci are still going on for the analyzed specimens and additional ones, and hopefully,
they will clarify if current gene flow exists within basins and whether past geological events or
human-mediated translocations allowed the South European roach to cross inter-basin barriers

between slopes.

Implications for conservation and management

Both mitochondrial and microsatellite molecular markers pointed out the genetic uniqueness of
S. rubilio populations belonging to two different geographic areas: the Magra-Vara basin at the
northern border of the species range, and the Fondi plain between Central and South Italy.
Moreover, in Fondi plain there are two of the few lacustrine known populations for this species,
which exhibit extremely deeper body shape not observed elsewhere. Due to their limited

geographic extension, populations inhabiting these areas may be more susceptible to
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anthropogenic threats such as habitat degradation, water pollution, abstraction and introduction
of allochthonous species, and also be negatively affected by habitat alteration due to climate
change. Therefore, they should be considered as distinct Management Units and prioritized in
conservation actions required by the European Habitats Directive for S. Rubilio, e.g. habitat
conservation and restoration; due to the observed genetic differences even between adjacent
basins, in case ex-situ interventions (i.e. release of hatchery-reared juveniles) we suggest to use
breeders collected from the same areas of intervention to preserve populations’ genetic identity.
Finally, this thesis provided useful data, and protocols for new investigations about the genetic
diversity and ecomorphological response not only for S. rubilio but also for other freshwater fish
species. Indeed phylogeography of South European roach allowed us to better define the borders
between lItalian ichthyogeographic districts (e.g. TL and AC) and revealed further subdivisions
within them (i.e. Magra-Vara basin within TL), suggesting the existence of similar genetic-
geographic patterns in other freshwater taxa. | hope that my work will inspire others to further
explore diversity among neglected freshwater fish species, as its acknowledgement is critical to

counteracting their current decline.

134



	Introduction 
	Materials and Methods 
	Sampling, Morphological Identification and DNA Extraction 
	PCR Amplification 
	Data Analysis 

	Results 
	Molecular Identification and Phylogeny 
	Genetic Variability and Demographic History 
	Genetic Structure and Phylogeography 

	Discussion 
	Molecular Identification and Phylogeny 
	Divergence between Sarmarutilus Lineages: Cryptic Species? 
	Phylogeography of Italian Sarmarutilus 
	Haplogroup C 
	Haplogroup A 
	Haplogroup B 

	Implication for Conservation and Management 

	Conclusions 
	References

