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Thesis abstract

Genomic erosion due to hybridisation is a problem which many endemisms face,
including Italian pike Esox flaviae and marble trout Salmo marmoratus. These important
freshwater species, which naturally occur in the Italian peninsula, are threatened by decades
of stocking with non-native commercial lines, namely European pike Esox lucius and brown
trout Salmo trutta. While supportive breeding programmes are in place for these species,
screening of suitable breeders is based on traditional genetic methods such as microsatellite
marker genotyping, which may have limited power to distinguish hybrids. Moreover, such
markers are often surveyed through alternative laboratory protocols that can yield
inconsistent results amongst research groups and hinder integration of molecular data from
different local surveys on a larger biogeographical scale. In this doctoral thesis, | apply
high-density Single Nucleotide Polymorphisms (SNPs) to the study of population
substructure and genomic landscape within Italian pike, and | develop a large SNP panel to
be implemented in a future genotyping array for large-scale genetic monitoring of Italian
marble trout populations. In particular, | identified more than 20 million high-quality SNP
markers from whole genome sequencing. Using these data sets, | found evidence of
introgressive hybridisation in both species and reported a diminished ability of microsatellites
to detect hybridisation compared to SNPs. Analyses of population structure confirm that at
least four genetic clusters are present within Italian pike, and that anthropogenic
translocations between geographically isolated basins have taken place. Moreover, | unveil
genomic adaptations in ltalian pike concerning olfactory perception, immune response and
metabolism, emphasising the need to preserve the adaptive potential of endemic species. In
marble trout, | filtered and validated in silico a set of more than 8 million high-quality SNPs
after removing pseudo-SNPs from paralogous regions of the salmonid genome and

potentially introgressed allochthonous alleles. Switching from current microsatellite-based



screening to a SNP genotyping array would not only increase resolving power for hybrid
detection but also produce faster results in a less invasive manner. Indeed, while current
screening methods require up to a week during which time marble trout are confined in low
density pools, genetic analyses with the proposed technology would reduce time of
confinement by several days, resulting in lower stress levels and higher post-release survival
rates in marble trout wild breeders. Findings from this study will greatly facilitate detection of
genetic introgression from introduced European pike and brown trout into these Alpine

endemics which will inform regional and national conservation practices.
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Chapter 1: General Introduction and Background

In this introductory chapter, | first illustrate what the genetic identity of a species is
and why it must be protected, with particular regard to the threat posed by genetic
hybridisation. | thus define the biological, ecological and economic characteristics as well as
conservation status of Italian pike Esox flaviae Lucentini et al., 2011 and marble trout Salmo
marmoratus Cuvier 1817. Then, | provide a more in-depth explanation of the field of
conservation genetics and the technological advances leading up to conservation genomics,
along with examples of successful applications in other species. | proceed to describe how
to recognise signatures of molecular adaptation along the genome, and | conclude by

summarising the research aim and objectives of this study.

1.1. Preserving the genetic identity of native species

A major goal for conservation biologists and geneticists is to preserve biodiversity by
understanding, monitoring and protecting the genetic identity of threatened species, in order
to guarantee their persistence in time (Mousseau, Sinervo and Endler, 2000). To this end,
genetic variability is paramount in maintaining viable populations capable of sustaining
themselves numerically across generations, and preserving their fithess, resistance and
resilience in the event of external environmental changes (Ellegren and Sheldon, 2008).
Such a topic is of growing interest and concern as we enter an era of tangible biological,
ecological, and climatic alterations (Chown et al., 2016; Waldvogel et al., 2020).

In the context of this doctoral thesis, two cases were investigated: that of ltalian pike
and marble trout. Both species naturally occur in Italy and are threatened by the introduction
of European pike Esox lucius Linnaeus 1758, and Atlantic brown trout Salmo ftrutta Linnaeus
1758, respectively. Such non-native species have been used in stocking to support angling

practices for decades (Welcomme, 1988; Lucentini et al., 2006, 2009, 2011; Bianco, 2013;



Pedreschi et al, 2013; Genovesi et al, 2014), resulting in local population displacement and
hybridisation and placing the genetic identity of both Italian species at risk (Fumagalli et al.,
2002; Meraner et al., 2009, 2012, 2013; Gandolfi et al., 2015, 2017). As a direct
consequence of this, the loss of endemic genetic variants underlying molecular adaptations
to the native species’ ecological niche may lower the chances of survival both in stable and
dynamic environmental conditions (Harrisson et al., 2014; Hoelzel et al., 2019).

Supportive breeding programmes have so far mitigated the damage by identifying
pure native individuals from wild populations through traditional conservation genetics
methods and retaining them as breeders for artificial reproduction before releasing them
back into the wild (Lucentini et al., 2011; Gandolfi et al., 2017; Martinez-Paramo et al., 2017;
Eisendle et al., 2019). However, genetic approaches currently in use may lack power to
detect complex patterns of introgression and to distinguish between native, non-native and
hybrid individuals (Gandolfi et al, 2017, 2019). This translates into a risk of perpetrating
artificial selection, allowing undetected allochthonous genetic variants to spread within
endemic populations and possibly eradicate valuable genomic adaptations to local
ecosystems. A need arises for the implementation of newer, high-resolution technologies in
the field of conservation genomics capable of assessing the genomic landscape of
threatened species and shed light on the molecular adaptations that may be compromised

by hybridisation.

1.2. ltalian pike

Two pike species are present in Italy: European pike (E. lucius) and Italian pike (E.
flaviae). However, the latter has been only recently described as an endemic species of the
Italian Padano-Veneto and Northern Apennines basins, based on morphological and
molecular evidence (Lucentini et al, 2011). The former, on the other hand, has been
identified as a non-native species in Italy that has been widely stocked for angling purposes

and which poses a threat to the genetic integrity of E. flaviae through hybridisation (Lucentini
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et al, 2009, 2011, Gandolfi et al, 2017). Bianco (2013) argued that the name E. flaviae is a
junior synonym of E. cisalpinus (Bianco & Delmastro, 2011), but because these authors
described E. cisalpinus on the basis of phenotype and not genotype, in this thesis | refer to
our ltalian pike samples as E. flaviae in a cautionary manner (see Gandolfi et al, 2015).

Not much information concerning the specific biology and ecology of E. flaviae is
available yet, but some characteristics can be deduced from scientific literature that predates
its identification as a separate taxon (Eschbach et al, 2021). Like other pike species, it is an
ambush predator that relies greatly on its sense of smell (Sternberg, 1992; Klein &
Aylesworth, 1983) and on aquatic macrophytes for shelter and camouflage (Craig, 1996).
Pike play an essential role in shaping freshwater communities due to its high position on the
trophic chain (Craig, 1996, 2008). Floodplains are crucial habitats as they provide a
spawning habitat for pike, which have phytophilic deposition (Casselman & Lewis, 1996;
Raat, 1988). In Italy, habitat loss has been a threat to pike due to land reclamation since

Roman times (Ciabatti, 1968) as well as in more recent times (Veggiani, 1974).

Although studies have shown widespread allochthonous introgression within Italian
pike (Lucentini et al, 2011; Gandolfi et al, 2017), its conservation status is still “data deficient”
according to the national Red Lists of the Italian Committee of the International Union for
Conservation of Nature (IUCN, http://www.iucn.it/scheda.php?id=-897331167). The
population in Trasimeno Lake has been used as a reservoir to restock other areas (Lucentini
et al, 2006, 2009), and as of recent years is involved in a supportive breeding programme to
contrast introgression with exotic E. lucius through screening practices considering mainly

morphological traits (see Fig. 1.1) to select breeders (Lucentini et al, 2009).
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Chapter 1 | General Introduction and Background

~ Diagonal bars A

==, Vertical bars B

_~ Longitudinal bars C

Stellate spot D

< Round spot E

Fig. 1.1. lllustration from Lucentini et al. (2011) depicting phenotypic diversity across pike
samples present in Italian freshwaters. A genetic association was found between
phenotypes A through D and Italian pike, while round spots (E) were associated with

European pike.
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Chapter 1 | General Introduction and Background

1.3. Marble trout

Marble trout (Salmo marmoratus Cuvier, 1817) is an important piscivorous species in
the ecosystems it inhabits: the clean and cold waters of Alpine rivers and glacial lakes
(Bianco, 1995). It is endemic to the Adriatic drainage system in Northern Italy, Southern
Switzerland, Slovenia, Bosnia-Herzegovina and Montenegro (Bianco, 1995; Meraner &

Gandolfi, 2017).

Fig. 1.2 Marble trout. Image source: https://www.pescafiume.it/trota-marmorata/

With its distinctive marbled colour pattern (Fig. 1.2), it is also a prized game fish for
sport anglers. However, to support angling activities on trout through commercially
accessible stocks, lakes and rivers have been stocked for decades with domestic lines of

brown trout Salmo trutta, L. (Sommani, 1950; Tortonese 1970) which have led to genetic
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erosion of marble trout by hybridisation (Caputo et al, 2004; Meraner et al, 2012; Gandolfi et
al, 2019). To date, marble trout is listed as “Critically Endangered” on the IUCN Red List of
Italian Vertebrates (Bianco et al, 2013).

Several efforts have been made towards its conservation, including cryopreservation
of genetic material (Martinez-Paramo et al., 2017) and the establishment of “sanctuary”
streams in Slovenia, where pure marble trout individuals are translocated to previously
fishless watercourses (Martinez-Paramo et al, 2017; Crivelli et al, 2000). In Italy, supportive
breeding programmes are in place, albeit locally, to facilitate reproduction of pure marble
trout individuals following genetic screening using traditional conservation genetic methods
such as microsatellite markers (Meraner et al, 2012; Meraner and Gandolfi, 2018; Eisendle
et al, 2019). To ensure that marble trout populations are adequately preserved, accurate
comprehension of population structure is necessary. Meraner and Gandolfi (2017)
thoroughly summarise the current knowledge on this matter, highlighting the complex
evolutionary history of the Salmo genus in Italy. Indeed, marble trout display pronounced
genetic differentiation even at a micro-geopraphical scale (Fumagalli et al, 2002; Pujolar et
al, 2011), emphasising the need to define management units (MU; Moritz, 1994) on the basis

of genetic data.

1.4. Conservation Genetics

As its name suggests, conservation genetics is a branch of conservation biology
aimed at studying and preserving biodiversity through population genetics. In particular, it
seeks to investigate the dynamics of genetic variation in populations to ultimately prevent
their extinction. Conservation actions vary depending on the nature of the threat a species
might be facing, the most widespread case being declining effective population size due to

climate change, habitat fragmentation and degradation and other anthropogenic threats.
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The Italian wolf (Canis lupus italicus, Altobello 1921) and the Iberian lynx (Lynx
pardinus, Temminck 1827) are two examples of endemisms that were on the brink of
extinction which were able to recover thanks to an interdisciplinary approach combining
genetics, field monitoring and habitat restoration (Fabbri et al, 2007, 2018; Kleinman-Ruiz et
al, 2017, 2019). In some cases, locally extinct species can be reintroduced by mixing
individuals from different sources to enhance their adaptive potential, as has been done
successfully for the Asiatic wild ass, Equus hemionus Pallas 1775, in Israel (Zecherle et al,
2021) and the Eurasian otter, Lutra lutra Linnaeus 1758, in the Netherlands (Koelewijn et al,
2010). In other cases, such as in Italian pike and marble trout, allochthonous hybridisation
erodes their endemic genetic diversity and threatens their long-term survival so conservation
genetics and genomics strategies for these species focus on identifying and removing
hybrids from the gene pool.

An overview of the most common and successful genetic techniques is presented

hereafter.

1.4.1. Molecular markers

Allozymes

Molecular markers have revolutionised research in many scientific fields ranging from
medical research to conservation ecology and biology. In the 1960s and 1970s, genetic
diversity was assayed through protein variants, namely allozymes, which were separated by
electrophoresis (Harris, 1966; Prakash, Lewontin and Hubby, 1969; Lewontin, 1974).
Allozymes have been implemented in many species, including pike (Miller and Senanan,
2003) and trout (Giuffra et al, 1996). However, while this technique is time- and cost-efficient,
its main drawbacks are the scarce number of polymorphic loci - as few as 2 out of 65 in E.
lucius) (Seeb et al, 1987) - and the lethal sampling technique to obtain liver, muscle and eye

tissue (Miller and Senanan, 2003).
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Restriction Fragment Length Polymorphisms

The discovery of restriction enzymes, a type of endonuclease, paved the way for the
first DNA-based markers: restriction fragment length polymorphisms, RFLP (Botstein et al,
1980). These enzymes catalyse the cleavage of DNA at specific nucleotide sequences,
producing a variety of variously sized fragments with different electrophoretic mobility. If an
allelic variant is present within the cleavage sequence, the enzyme does not recognize it and
cleavage does not occur, leading to a longer fragment which can be detected through gel
electrophoresis. Moreover, with the advent of the polymerase chain reaction (PCR) (Mullis,
1990), scarce amounts of DNA fragments were able to be amplified to measurable
quantities. This allowed for minimally invasive sampling of fin tissue and the consequent
release of fish. Splendiani et al. (2016) used mitochondrial (mtDNA) and nuclear (nDNA)
RFLP loci to study Italian trout populations. A similar approach, amplified fragment-length
polymorphism (AFLP) was used by Lucentini et al. (2011) to genetically characterise Esox
flaviae. While RFLPs are widely available throughout the genome, previous knowledge
about the species (i.e. specific PCR primers) is required to detect polymorphisms at a

specific locus (Schlbtterer, 2004).

Microsatellites

Also called Short Tandem Repeats (STR) or Simple Sequence Repeats (SSR),
microsatellites are ubiquitous nuclear markers that consist of repetitive DNA motifs of two to
six bases, with different alleles carrying a variable number of repeats (Richard et al, 2008).
Their allelic variability coupled with the possibility to be amplified by simple PCR protocols
contributed to the popularity of these markers, especially in population genetics. Indeed, the
marble trout supportive breeding programme uses a combination of mtDNA and
microsatellites to screen individuals (Meraner et al, 2013). On the other hand, genotyping
microsatellites can be time-consuming as allele scoring is difficult to automate (Schiétterer,

2004).

19



Single Nucleotide Polymorphisms

Single Nucleotide Polymorphisms (SNPs) are the most abundant type of genetic
marker (Nelson et al, 2004). Though usually biallelic, the strength of SNPs lies in their
number: highly ubiquitous, a genome can contain several million SNPs which, as a whole,
provide much higher resolution than other types of marker. Compared to microsatellites,
genomic workflows for discovering and genotyping SNPs from genomic reads or genotyping
arrays, respectively, are highly scalable and reproducible (Kerstens et al, 2009). Moreover,
SNP arrays are becoming increasingly available for a great number of commercial breeds
which can also be applied to wild populations (Kranis et al, 2013; Mattucci et al, 2019;
Houston et al, 2014), making fast and large-scale genotyping possible at more accessible
costs. SNPs are useful for mapping quantitative trait loci (QTL) in genome-wide association
scans (GWAS) (Zargar et al, 2015) as well as population studies of demographic history and
genomic divergence. Considering all of the above, SNPs are well-suited for integrating local
population genetics surveys into large-scale studies. While Pustovrh et al (2012) have
implemented a set of 47 nuclear SNPs in marble trout, to date, no population genomic

studies using high-density SNPs have been published for either marble trout or Italian pike.

Next Generation Sequencing

The abovementioned discovery of high-density genomic marker sets would not be
possible without technological advances in the field of high-throughput sequencing, which
induced a revolutionary shift from traditional genetics to genomics. Next generation
sequencing (NGS) produces massive amounts of information cyclically and in parallel (Park
and Kim, 2016), as opposed to traditional Sanger capillary electrophoretic sequencing
(Sanger et al, 1977). A main distinction can be made between whole genome sequencing
(WGS) (Weber and Myers, 1997) and reduced-representation sequencing (RRS) (Altshuler
et al, 2000), in which only a fraction of the genome (for instance, based on fragment size
selection) is sequenced. Examples of the latter include Genotyping-by-Sequencing (GBS)

(Elshire et al 2011), restriction site-associated DNA sequencing (RADseq) (Baird et al, 2008)
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and double-digest RADseq (ddRADseq) (Peterson et al, 2012). Reads from both WGS and
RRS can be assembled to form scaffolds or can be mapped to a reference genome if
available, and genomic markers can be discovered, or “called”, by identifying sequence

polymorphisms.

1.5. Genomic signatures of selection

The processes underlying molecular adaptation of populations to their environment
leave traces along the genome, which can be detected using within- as well as
between-population genomic differentiation data. Genome-Wide Selection Scans (GWSS)
aim to identify chromosomal regions, and genes, under selective pressure through a variety
of approaches.

In the absence of selection, random fluctuations in the frequency of a new mutation
will be due to genetic drift alone, which is dependent on effective population size (Allendorf,
1986; Kimura, 1955; Lande, 1976; Nei & Tajima, 1981). Hence the frequency of a new
neutral mutation in a large population may remain low for many generations and may be lost
by chance. If it persists in the gene pool, it may slowly rise to higher frequencies in a manner
that is directly proportional to its age (Kimura, 1955). The original chromosomal segment
carrying the mutation, that is, the haplotype, will become progressively shorter over time as
meiotic crossing-over events break it up at each generation (Hill & Weir, 1988; Weir, 1979).

However, when a new mutation arises, which bestows an increase in fithess
coefficient on the individuals that carry it, it will be selected, meaning it will have a greater
chance of being passed on to the next generations and it will rise to a high allelic frequency
in a shorter amount of time compared to neutral ones (Smith & Haigh, 1974). It is this rapid
expansion which characterises the selection signal. Moreover, any neutral alleles physically
co-occurring on the haplotype will inevitably “hitch a ride” and follow the selected mutation

into higher frequencies (Fig. 1.3). Such a process is termed genetic hitchhiking (Smith &
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Chapter 1 | General Introduction and Background

Haigh, 1974). A direct consequence of this is that haplotypes carrying a selected allele will
remain distinctly long over time, compared to neutral haplotypes of the same age (Kim &

Nielsen, 2004).
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Fig. 1.3. An example of genetic hitchhiking due to the emergence of a beneficial
mutation (green circle). Purple circles correspond to pre-existing neutral mutations on
chromosomes (grey bars). On the left, a set of randomly sampled chromosomes from a
panmictic population are represented. The haplotype on which the beneficial mutation
occurs (dark grey) is predominantly transmitted to offspring in subsequent generations on
the right, and quickly spreads within the population. Thus, any neutral alleles close enough

to the selected allele “hitchhike” and reach higher allelic frequencies.

Because genetic hitchhiking “sweeps away” genetic diversity, it results in a
selective sweep, a term coined by Berry et al. (1991) and a mechanism extensively explored
in literature (Braverman et al, 1995a; Charlesworth et al, 1993; Charlesworth &
Charlesworth, 2018; Fu, 1997; Kim & Neilsen, 2004; Nielsen et al, 2005; Stephan, 2019). If
the selective pressure is strong enough, it may ultimately lead to fixation of the alleles

involved, thus a complete sweep. On the other hand, if the selective event does not persist
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until fixation of beneficial allele(s), it is a partial or incomplete sweep (Ferrer-Admetlla et al.,
2014; Nielsen et al., 2007).

Sweeps have also been distinguished into hard and soft sweeps (Hermisson &
Pennings, 2005). The former, as previously described, corresponds to a single haplotype
rising to high frequency thanks to the occurrence of a beneficial de novo mutation, while the
latter can consist of more than one haplotype being selected due to either recurrent
mutations or to pre-existing genetic variation that became advantageous following changes
in the environment (Peter et al., 2012). Soft sweeps can also be partial or complete
(Ferrer-Admetlla et al., 2014).

Overall, it has been postulated sweeps involve regions characterised by i)
above-average haplotype length (Sabeti et al., 2002, 2007a; Tang et al., 2007) and ii)
below-average genetic diversity compared to neutral genomic areas (Charlesworth et al.,
1997). In cases of hard sweeps, below-average haplotypic diversity is to be expected as well
(Sabeti et al., 2002). Unlike hard sweeps, soft sweeps do not always decrease haplotypic
diversity (Sabeti et al., 2002), and may go unnoticed in certain selection scans if the
implemented summary statistic is solely sensitive to, for example, allelic frequency as a
discriminant factor.

Indeed, different statistics are designed to detect different types of sweeps (Williamson et
al., 2007), or, in some cases, different stages of the same phenomenon, much like a wave
as it grows upon nearing the shore and dissipates into the sand after it is gone. For example,
if the sweep is complete and present only in one population, it may also produce a
sufficiently strong signal in terms of allelic frequency differentiation when compared to other
populations using allele frequency-based statistics such as Fgy, which, on the other hand,
disregards haplotypes, i.e., the association between nearby variants. For this reason, Fgy is
not sensitive to ongoing or partial sweeps, where allele frequencies across populations have
not diverged as extremely. Other approaches are more adequate in the case of soft and

partial sweeps, such as those implementing haplotype-based metrics (Stephan, 2019).
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1.5.1. Genome-Wide Selection Scans

In Genome-Wide Selection Scans (GWSS), a common practice that is considered
robust is to carry out analyses using different approaches and to then intersect outliers from
each method (Hohenlohe et al., 2010; Vatsiou et al., 2016; Weigand & Leese, 2018).
However, attention should be paid to which family of statistics are used and what kind of
selection pattern these are sensitive to, as methods that detect mutually exclusive types of
signals might yield a null or very limited intersection of candidate regions (Williamson et al.,
2007; Zhong et al., 2022). Therefore, it is desirable to combine algorithms that look for
compatible patterns and to separately analyse results from unrelated methods (Weigand &
Leese, 2018). In this thesis, two complementary GWSS approaches — allelic
frequency-based and haplotype-based — were implemented separately as a way to attain a
broader understanding of how selection might be acting within and between species (Jénas

et al.,, 2017; Zhong et al., 2022) (Fig. 1.4).
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Fig. 1.4. Two possible approaches for detecting signals of selection in GWSS. For
context, the concept of "population” in population genetics is often visually represented as a
collection of chromosomes or haplotypes stacked vertically, without distinguishing which
belong to which individuals. Allelic frequency-based analytical methods can be referred to as
“vertical” because they disregard physical association between alleles on a chromosome
and only consider their frequency at a given locus across all sampled chromosomes. This
means that even if chromosomes were hypothetically split into several shorter haplotypes
and shuffled vertically, the vertical signal would remain unvaried. On the other hand,
“horizontal” approaches such as haplotype-based methods give priority to linkage
information between alleles and thus to haplotype lengths. Shuffling alleles vertically would

disrupt this type of signal.

1.5.1.1. Allelic frequency-based approach

A popular approach in studies that explore signs of selection is to use statistics linked
to allelic frequency. Often, these are either directly or indirectly correlated to heterozygosity,
which can be assessed genome-wide either within or between populations to identify
potential sweeps. When assessing a single population, areas with low heterozygosity may
be indicative of selection (Charlesworth et al, 1997). On the other hand, the fixation index Fgr
(Weir & Cockerham, 1984) is defined as the reduction in heterozygosity across two
populations compared to expected values under Hardy-Weinberg equilibrium. It measures
the amount of genetic divergence and can point to areas of the genome which are
undergoing selective pressure in one population but not the other. Fs; ranges from 0,
absence of allelic differentiation, to 1, distinct fixed alleles in the different populations.

In particular, Fsr is most sensitive to maximal differences in allelic frequencies such
as those that take place when a beneficial mutation becomes fixed in one population but not
in the other (Zhong et al, 2022). This can be the result of a completed hard sweep. On the
other hand, because this statistic considers each marker independently, it disregards any

physical linkage between markers. Therefore, while it can detect “vertical” signals (Fig.1.4), it
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is blind to “horizontal” signals originating from direct association between linked markers.
This means it might not be suitable for identifying partial, incomplete or soft sweeps where
haplotype diversity is reduced, but overall allelic frequencies might not undergo detectable
changes (Zhong et al., 2022). Nevertheless, this property of allelic frequency-based methods
in general makes them useful when dealing with high-throughput sequencing of pooled or
unphased samples (Rubin et al, 2010; Rubin et al, 2012; Bertolini et al, 2016), as they do not

make assumptions about individual genotypes or haplotypes, respectively.

1.5.1.2. Haplotype-based approach

Complementary to Fgr, haplotype-based methods are capable of detecting
“horizontal” signals along the genome (Fig. 1.4) and are often independent of allelic
frequencies. These metrics place greater emphasis not on the relative abundance of a
hypothetically beneficial mutation, but rather on the extent of the haplotype(s) on which it
occurs, a feature that makes them sensitive to incipient or softer signals of selection.

The concept of Extended Haplotype Homozygosity (EHH) was introduced by Sabeti
et al. (2002) and promptly became a widely used statistic for intra-population selection
scans. EHH measures the decay of haplotype homozygosity, in other words, the breakdown
of Linkage Disequilibrium as a function of distance from a site called focal or core SNP. EHH
is calculated separately for each of the two alleles at the core SNP and is scaled from 0 to 1,
being independent of core allele frequencies. Indeed, the main characteristic of EHH is its
ability to describe the behaviour of haplotype conservation decay around an allele regardless
of its frequency. The underlying hypothesis is that higher-than-expected EHH is associated
with selected regions. In fact, according to the key postulates of natural selection, a selected
allele will diffuse within a population in a relatively short amount of generations compared to
neutral mutations. The scarce opportunities for meiotic recombination result in longer
haplotypes around the selected locus. As a direct consequence of this, haplotype

homozygosity decays slower, i.e., further from the considered locus.
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Voight et al. (2006) further elaborated on this concept by proposing a test statistic of
departure from normality for EHH, namely the integrated Haplotype Score (iHS), based on
the standardised log-ratio of the integrals of EHH for either allele at a considered SNP.
Another relevant statistic is the per-site EHH (EHHS), which linearly combines EHH at both
alleles in order to yield a single value per SNP. Subsequently, Sabeti et al. (2007) and Tang
et al. (2007) developed two ways of estimating EHHS that yield very similar results.
Additionally, both publications proposed methods for comparing EHHS profiles between two
populations, namely XP-EHH and RSB, depending on whether EHHSg,,e; or EHHS 4 are
used, respectively. Essentially, XP-EHH and RSB are the cross-population adaptation of
intra-population iHS: they are the normalised log-ratio of the integrals of EHHS for either
population at a core SNP. Similarly to iHS, these tests are conducted per-site genome-wide
and produce a signal which is capable of detecting the magnitude of the sweep. Moreover,

the asymmetry of the signal indicates the population on which selection is acting.

1.6. Aim and structure of the thesis

The overall aim of this doctoral project is to assess the genomic landscape of Italian
pike and marble trout populations in Italy and to provide relevant insight for conservation
actions currently in place for these species using a whole genome sequencing approach. In

particular, subsequent chapters of this thesis are structured as follows:

Chapter 2: Population Genomics in Italian Pike. In this chapter, | cover the bioinformatic
pipeline used for the genomic read alignment and for the SNP discovery. | then investigate
species differentiation and population subdivision within Italian pike using traditional
population genetics approaches with high-resolution genomic markers. | also identify sets of

ancestry-diagnostic SNPs as well as potentially introgressed alleles.
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Chapter 3: Genome-Wide Selection Scans in Italian and European Pike. Here, |
examine genomic footprints of selection underlying potential molecular adaptations in both

pike species.

Chapter 4: Development of a High-Density SNP Panel for Marble Trout. This chapter
covers the workflow of SNP discovery in pooled samples of Italian marble trout populations,
fine-scale introgression analysis and the identification of paralogous loci as well as species-

and population-diagnostic SNPs for the development of an informative SNP array.

Chapter 5: Final discussion. | contemplate the main findings of the thesis within the
context of current conservation strategies, weighing the advantages and limitations of
individual- and pooled-sequencing experimental designs. Last, | provide suggestions for

further investigation.
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Chapter 2: Population Genomics in Italian Pike

Abstract

The ltalian pike was recently raised to species level and has been shown to have
hybridised with stocked European pike (Esox lucius) leading to substantial genetic
introgression. However, conventional genetic markers such as microsatellites generally lack
the resolution required to disentangle the increasingly complex patterns of introgression
across generations. Moreover, further research is needed to assess population
substructuring and conservation status of this species, as it is currently considered “data
deficient” by the International Union for Conservation of Nature (IUCN). To address these
issues, whole genome sequencing data were analysed for both pike species, including
Italian pike from six areas in Italy and two European pike populations. | assessed species
divergence and population substructure using both principal component analysis and the
model based algorithms implemented within the programme fastSTRUCTURE on 3.9 million
SNPs. This provided further proof of species differentiation (the first principal component
explained 67.1% of the observed variance) and revealed that endemic Italian pike could be
subdivided into at least four clusters. | compared the power to detect hybrids across SNPs
and microsatellites and found that detection of hybrids through microsatellites is biased
towards lower European pike ancestry values (QEUR), especially in hatchery samples.
Moreover, | investigated private alleles between and within pike species that can be used for
diagnostic purposes. This study represents the first genomic study of Italian pike and

provides insights that are relevant for conservation policy for this threatened species.



2.1. Introduction

Currently, a supportive breeding programme at the “Centro Ittiogenico del Trasimeno"
in the italian province of Perugia is in place for the conservation of the genetic integrity of
endemic ltalian pike, Esox flaviae (Lucentini et al, 2009a). Early monitoring protocols for this
species consisted of growth rate and mortality assessments (Lorenzoni et al. 2009), later
followed by studies of overall effective population size (Ne) and genetic diversity through
traditional genetic markers such as AFLP, mtDNA and microsatellites (Lucentini et al, 2009;
Lucentini et al, 2011; Gandolfi et al 2017). Because the Italian pike is threatened by
hybridisation with stocked, non-native European pike (Lucentini et al, 2011; Gandolfi et al,
2017), screening of spawners is aimed at identifying and removing hybrids from the gene
pool. However, the screening process still greatly relies on a combination of mtDNA and
phenotypic traits to differentiate between pure and hybrid individuals (Lucentini et al, 2009)
and, after several generations, highly complex patterns of introgression are expected which
are likely to elude detection with current monitoring methods. This highlights a need for the
development of a novel technology for genetic monitoring capable of yielding high-resolution
genotype data which are also standardised across research groups.

In this chapter, a large set of genomic SNPs was identified to assess genetic
structuring at species and population level. Particular focus is placed on the detection of pike
hybrids to assess introgression from E. lucius. An individual-based Whole Genome
Sequencing approach was carried out to obtain abundant data for each of 61 pike individuals
from eight localities including six italian ones, and to be able to compare results to previously
generated microsatellite genotypes for the same individuals (Gandolfi et al, 2017). Lastly,
sets of ancestry-diagnostic SNPs were identified for potential use in high-throughput

genotyping technologies such as SNP arrays.
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2.2. Methods

2.2.1. Genomic Data Preparation

2.2.1.1. Sample choice

A total of 61 pike individuals were chosen for this project from a larger cohort that
had been genotyped with microsatellites for a previous study (Gandolfi et al, 2017). These
individuals were sourced from eight areas (Fig. 2.1), six of which are located in Italy: Adda (n
= 3) and Po (n = 11) river systems, Garda Lake (n = 10), Trentino region composed of
Caldonazzo Lake (n = 10) and Terlago Lake (n =1), South Tyrol region with samples from the
Adige River (n = 3) and Trasimeno Lake (n = 7). In addition, samples from one population in
Austria (Danube River, n = 10), one in Germany (Elbe River, n = 3) and a hatchery located

near Trasimeno Lake (n = 3) were also included.
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Fig. 2.1 Pike sampling locations. A: 1) Adda River; 2) Garda Lake; 3) Trentino
(Caldonazzo and Terlago Lakes); 4) Adige River; B: 5) Valli di Argenta, Po Delta; 6)
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Trasimeno Lake; 7) Danube River, Austria; 8) Elbe River, Germany. Figure adapted from
Gandolfi et al, 2017.

2.2.1.2. Genomic read preparation

All 61 pike samples were sequenced at a target depth of 20X using Illumina 150 nt
paired-end sequencing technology at Novogene Ltd, Cambridge, UK. This involved random
fragmentation by sonication, with the DNA fragments being end-polished, A-tailed, and
ligated with the full-length adapters of lllumina sequencing, and followed by further PCR
amplification with P5 and indexed P7 oligonucleotides. The PCR products as the final
construction of the libraries were purified with AMPure XP system. Then libraries were
checked for size distribution by Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA),

and quantified by real-time PCR (to meet the criteria of 3 nM).

| assessed the quality of generated paired-end reads with FastQC v0.11.5 (Andrews,
2010). To further increase quality, reads were trimmed with trimmomatic v0.39 (Bolger et al,
2014) using the parameters “PE -threads 4 -phred33 LEADING:28 TRAILING:28
MINLEN:100” to ensure that surviving paired-end (PE) reads were at least 100 base pairs
long, with base quality encoding corresponding to the Phred+33 format and a quality of at

least 28 at the beginning and at the end of the read.

2.2.1.3. Bioinformatic pipeline for read alignment and SNP discovery

Read alignment and variant calling was carried out as per the Genome Analysis
Toolkit (GATK) Best Practices v4 by the Broad Institute (Poplin et al, 2017; Van der Auwera
et al., 2013). First, the publicly available E. lucius genome (Ensembl genome build Eluc_v3,
NCBI RefSeq identifier GCA_000721915.3) was decompressed and indexed both with the
faidx command in samtools v1.14 (H. Li et al., 2009) and with BWA index (Heng Li & Durbin,
2010) using algorithm option “-a bwtsw”. Similarly, a dictionary of the reference genome was

generated with the GATK tool “CreateSequenceDictionary”. Both forward and reverse reads
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for each individual were mapped to the reference genome using a Burrows—Wheeler
transform as implemented in the BWA mem aligner (Heng Li & Durbin, 2010), resulting in a
Sequence Alignment Map file (SAM) for each sample. Identical reads originating from PCR
duplication were then marked and removed with GATK MarkDuplicates. Read mate
information was subsequently updated with GATK FixMatelnformation, and BAM files were

once again sorted and indexed with samtools index.

Variants were called separately for each individual with HaplotypeCaller (Poplin et al,
2017), which scans the BAM files, locally realigns reads to account for insertions and
deletions (indels) and identifies allelic variants under the form of both indels and SNPs.
Variants were saved in a gVCF (Genomic Variant Call Format) file that contains information
about polymorphic sites as well as non-polymorphic genomic regions. All gVCF files were
then merged into one cohort gVCF with GATK CombineGVCFs, which was indexed with
GATK IndexFeatureFile. Lastly, GATK GenotypeGVCFs was used to obtain the final VCF
(Variant Call Format) file, which only contains genotype information about polymorphic sites

and is the main input file for many downstream genomic tools.

2.2.1.4. SNP filtering

A general filter was first applied to the SNP set to improve its informativity and to
reduce the probability of including pseudo-markers arising from sequencing errors. Software
VCFtools v0.1.15 (Danecek et al, 2011) was used to exclude markers which i) were located
on unmapped scaffolds, ii) were not SNPs, iii) had more than two alleles, iv) had more than
10% missing genotypes across individuals, v) had a minor allele frequency (MAF) lower than
5%, vi) had sequencing depth (DP) lower than 8 and vii) had a genotype quality score (GQ)

lower than 40.

Some of the analyses described in this chapter, namely inference of population

structure and admixture with fastSTRUCTURE and Treemix software, require markers to be
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statistically independent. Therefore, both SNP sets (between species and within-Italian pike)
were pruned by removing the SNPs which are in approximate linkage disequilibrium (LD);
this was done to ensure that remaining markers are almost independent. Besides software
constraints, having a smaller, independent set of genomic markers reduces information
redundancy and allows for faster computation times. Minimally-linked SNPs were selected
by setting a maximum correlation threshold of 0.2 r? in windows of 250 variants (Plink v2
option “--indep-pairwise 250 1 0.2”). Within these LD-pruned SNP sets, further thinning by
SNP count was also implemented (“--thin-count”) followed by the amount of SNPs to

randomly retain.

For the remaining analyses, such as the categorisation of population diagnostic
alleles or genome-wide selection scans in the following chapter, the entire unpruned SNP set
was used, as these methods are not impacted by the physical proximity of markers, rather,

they benefit from an increased marker density.

2.2.2. Population Subdivision
2.2.2.1. Principal Component Analysis

Principal Component Analysis is a multivariate analysis which transforms the data by
fitting orthogonal vectors, termed Principal Components. In genetics and genomics, input
data usually corresponds to a matrix of individuals and their biallelic genotypes coded
according to whether each marker is heterozygous or homozygous for the reference or
alternative allele. The utility of PCA lies in the reduction of dimensionality, that is, its ability to
synthesise large amounts of variables - i.e. genotypes - into few Principal Components, that
explain most of the variability among individuals and can be easily represented as axes on a
cartesian plane. PCA was carried out with Plink v1.9 to detect population subdivision both
across the two pike species and within the Italian pike samples using the quality-filtered

SNP data set in its entirety. For within-Italian pike PCA, only samples having a proportion of
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Italian pike ancestry (qITA), as given by fastStructure, above 90% were considered, see the

next section for further details.

2.2.2.2. fastSTRUCTURE

In addition to PCA, a model-based approach has been used to determine the
fine-scale patterns of genetic variation. To this end, fastSTRUCTURE v1.0 (Raj, Stephens
and Pritchard, 2014) was used to investigate admixture between species and within-Italian
pike . Briefly, fastSTRUCTURE operates by estimating q.(i), the proportion of individual i’s
genome that originated from population k (Pritchard, Stephens and Donnelly, 2000).
Individuals are not assigned to a population a priori, rather, the assignment is inferred by a
Bayesian algorithm based on a given value of K (total number of clusters) and allelic
frequencies. This software places one of two types of prior, simple or logistic, on allelic
frequency. While the former is faster to compute, the logistic prior was preferred in this study
because it is more flexible and thus more adequate for complex structure (Raj, Stephens

and Pritchard, 2014).

Model complexity, that is the most likely number of populations, was assessed by
running fastSTRUCTURE separately for an increasing value of K both between species and
then within Italian pike alone. fastSTRUCTURE performs best for independent loci so sets of
unlinked SNPs were used. Between-species admixture was investigated for each K from 1 to
10 through 20 replicate runs with 50 thousand SNPs. Preliminary tests showed that this
marker set size was sufficient for robust variational inference across the two pike species
given their genetic divergence. Resulting estimates of population ancestry qITA and gEUR
were assessed for each individual, and hybrid samples with gEUR > 5% were removed for
within-Italian pike analyses. Fine-scale population subdivision within Italian pike was then
assessed using 100 thousand SNPs for each K from 1 to 9 through 16 replicate runs for K <

6 and 11 replicate runs for the rest.
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Lastly, the proportion of European pike ancestry (QEUR) in hybrid individuals inferred
through fastSTRUCTURE using 50 thousand SNPs was compared to previous admixture
estimates using STRUCTURE (Pritchard, Stephens and Donnelly, 2000) with 17

microsatellites and published in Gandolfi et al, 2017.

2.2.2.3. Treemix

Hierarchical population structure and admixture was further analysed with Treemix
v1.13 (Pickrell and Pritchard, 2012), which infers a bifurcating tree between the populations
based on the maximum likelihood criterion using allelic frequencies. It improves the
estimation of tree topology by accounting for gene flow between populations, modelled as
migration events or edges (m) which can be specified a priori to the software.

The optimal number of edges was assessed using 100 thousand independent SNPs
for each m from 0 to 5 through 10 replicates runs (parameters “-global -k 1 -bootstrap”),
excluding any hybrids with gEU > 0.05 and setting the Danube E. lucius population as
outgroup. Then, R package optM (Fitak, 2021) was used to infer the most likely number of
migration events in the data using “Linear” and “Evanno” methods (see optM publication for

details).

2.2.3. Population Diagnostic Alleles

Private alleles are variants which are found exclusively in one population (or a subset
of populations) but not in others. They are useful for identifying from which population (or
populations) an individual originates. Because of this property, private alleles can be
included in genotyping arrays for diagnostic purposes, allowing for efficient discrimination of

ancestry and admixture.

After estimating the individual proportion of Italian (qITA) and European pike (QEUR)

ancestry in section 2.3.2.2, hybrids displaying a qEUR greater than 5% were removed for
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this analysis. The VCF containing all remaining individuals was split into different files based
on sampling location, and SNPs that became monomorphic after subsetting were removed
from each set. Polymorphic SNPs from each subpopulation were then compared to identify

private alleles occurring only in one, two and three subpopulations.

2.3. Results
2.3.1. Genomic Data Preparation

In total, 1.52 Terabytes of genomic data were generated, consisting of 7.9 billion total
reads and about 87.6 million reads per individual. Mean quality across the entire length of
trimmed reads was high, with an average Phred score of 37.3 (Fig. 2.2). On average, 99.4%
of reads were mapped to the E. lucius reference genome, with no significant difference
between E. lucius and E. flaviae samples. A total of approximately 4.8 million SNPs were
identified through the variant calling pipeline after aligning reads to the E. lucius genome. An
initial filter narrowed this set down to ~3.9 million high-quality, biallelic SNPs with a minimum
allele frequency of 0.05. Of these, 472 thousand were located on unmapped scaffolds. After
filtering out markers which were not on mapped chromosomes, the final data set consisted

of ca. 3.5 million SNPs for 61 pike individuals.
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Fig. 2.2. Mean quality of genomic reads measured in Phred score. For context, a Phred
score between 30 and 40 corresponds to a probability of correctly calling a base between
99.9% and 99.99%.

2.3.2. Population Subdivision
2.3.2.1. Principal Component Analysis

PCA including Italian pike and European pike using 3.5 million informative SNPs (Fig.
2.3.A) revealed conspicuous genetic divergence along the first principal component (PC1)
which accounts for 67.1% of total observed variance and is in line with previous genetic
studies showing divergence across the two species (Lucentini et al, 2011; Gandolfi et al,
2017). Hybrids are visible along PC1 between the European and Italian clusters. The
second, third and fourth principal components correspond to within-species differentiation
and collectively explain one-tenth of total variance in the sample. In European pike, there is
greater within-population diversity in the Danube compared to the Elbe population.

The within-Italian pike PCA (Fig. 2.3.B) showed structuring along PC1 and PC2,
accounting for 22.9% and 11.3% of total variance respectively. PC1 separates the Trentino
group from the remaining populations, while Garda and Trasimeno form two clusters
positioned at the extremes of PC2. Po and Adda individuals also present clustering along
PC2, but to a lesser extent. PC3 predominantly reflects genetic variation within Trentino but

also within Po populations.
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Fig. 2.3. A) PCA of all pike samples using 3.9 million informative SNPs reveals genetic divergence
along PC1 between ltalian pike populations (Trentino region, Tren; Garda lake, Gard; Adda river
system, Adda; Po river system, Po; Trasimeno lake, Tras; Alto Adige, Aadi; Hatchery, Hatch) and
European pike populations (Danube river, Danu; Elbe river, Elbe). Five potential hybrids are clearly
visible along PC1 between the European and the ltalian clusters: one from Trentino, three from Alto
Adige river and one from a hatchery. B) Within-Italian pike PCA using 1.4 million polymorphic SNPs

sheds further light into the hierarchical substructuring of this species.

39



2.3.2.2. FastSTRUCTURE

Variational inference of admixture between ltalian and European pike confirms
subdivision into two clusters corresponding to the two species (Fig. 2.4 upper plot). Samples
with the highest levels of introgression from European pike were Alto Adige (QEUR = 0.60)
and Hatchery (0.31), followed by lower but ubiquitous introgression in Trentino (0.11) and Po
(0.07). After applying a 5% qEUR filter, all Alto Adige and Hatchery individuals were
removed as well as approximately half of all Trentino (5 out of 11) and Po (6 out of 11)
individuals.

Population subdivision within Italian pike varies depending on the level of model
complexity analysed (Fig. 2.4 lower plots). When K is set to 2, Trentino and Garda samples
cluster together while Trasimeno and Po form another cluster and Adda shows mixed
ancestry between the two. At K = 3, Trentino separates from Garda, and Adda shows
admixture mainly between Trasimeno+Po and Garda. For K greater or equal to 4, further
light is shed on Adda and Po ancestries: although the variational algorithm converges on two
different scenarios per K (shown as major and minor modes with their relatives frequencies),
there is more support for Adda as a fourth separate cluster, and Po as an admixed
population with contribution from Trasimeno and Adda. Indeed, the ChooseK.py script
provided by the authors of fastStructure infers that four clusters are sufficient to optimally
explain structure within the data.

When comparing variational inference of admixture using SNPs and microsatellites
(Fig. 2.5), a trend emerges showing a systematic underestimation of gEUR when using 17
microsatellites as opposed to 50 thousand SNPs, and this is particularly evident in the

hatchery samples.
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Fig. 2.4. Variational inference of admixture between Italian and European pike (upper
plot) and within Italian pike subpopulations (lower plots) using fastSTRUCTURE with 50K
and 100 thousand SNPs, respectively. Each bar represents one individual and vertical
partitions correspond to the proportion of membership (q) to each of K inferred clusters.
Between-species analyses confirm previous findings of subdivision into two clusters
corresponding to the two species and hybrids. Within Italian pike, population subdivision
depends on the level of model complexity analysed. Results for K greater than 5 are not

shown, as they vastly coincide with the major mode of K = 4.
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Fig. 2.5. Comparison between admixture analyses with SNPs versus microsatellites.
Ancestry coefficients of 61 pike samples, including Italian, European and hybrid individuals,
were obtained using fastSTRUCTURE and STRUCTURE respectively for 50 thousand SNPs
and 17 microsatellites (from Gandolfi et al., 2017), setting K = 2. Estimates of European pike
ancestry (QEUR) are shown in the upper plot for microsatellites (empty circles) and SNPs
(full circles), and their delta (QEURigr0sat - GEURGsnp) is sShown as bars in the plot below, in
black where SNPs were able to detect higher gEUR than microsatellites and in red for the
opposite case. Overall, while both SNPs and microsatellites correctly identified pure
individuals of either species, microsatellites underestimated gEUR in almost all hybrid

individuals.
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2.3.2.3. Treemix

Assessment of the optimal number of migration edges (m) through optM “Linear” and
“Evanno” methods revealed the most likely scenario is one admixture event (Fig. 2.6). For
this solution, almost all Treemix replicates showed admixture from Trasimeno into Po

samples (see major mode in Fig. 2.7) while one presented gene flow from the Trentino-Adda

cluster into Po (minor mode).
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Fig. 2.6. The optimal number of migration edges, i.e. admixture events, between and
within Italian and European pike populations was assessed with R package optM methods
“Linear” (upper plot) and “Evanno” (lower plots). L(m), or Log Likelihood, is the log posterior
probability of the data given m, and Am is the second-order rate of change in likelihood
across incremental values of m (Fitak, 2021). Both methods converge on m = 1 being the

optimal number of migration edges, which explains about 97% of total variance.
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Fig. 2.7. Tree topology with Danube as outgroup, inferred with Treemix accounting for
one migration edge (red arrow) representing gene flow between Trasimeno and Po (major
mode) and between Trentino-Adda and Po populations. On the X axis, the drift parameter
represents the amount of estimated genetic covariance due to random genetic drift in a

Wright-Fisher model.
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2.3.3. Population Diagnostic Alleles

Out of 3.5 million total SNPs, 213,734 (6.4%) and 415,679 (12.6%) segregated only
in Italian or European pike, respectively (Fig. 2.8. B). The higher volume of European
private alleles might be linked to a reference bias due to having mapped reads to the Esox
lucius reference genome, which could lead to an under-representation of alternative alleles
(Brandt et al, 2015). The Danube river E. lucius subpopulation showed the most private
alleles (807,539) while the Elbe river E. lucius subpopulation presented just 1,734 private
alleles. This notable difference is likely to be inflated because of sampling bias and a
difference in sample size (10 Danube samples versus 3 Elbe) (Trask et al, 2011). Increasing
the number of Elbe individuals would allow the discovery of more variants segregating in this
population, some of which are currently labelled as private in the Danube sample due to lack
of information. Nonetheless, these alleles are diagnostic of the European species and are

therefore useful for identifying hybrids originating from admixture between the two species.

The analysed data set includes “pure” Italian pike having a gEUR lower than 5%,
which is a rather conservative threshold for the purpose of identifying ancestry-diagnostic
alleles as adequately as possible. Still, some alleles which are introgressed from E. lucius
into E. flaviae populations evade this filter. A way to identify such alleles is to assess which
of these are present exclusively in E. lucius populations plus only one of the E. flaviae
subpopulations, as a consequence of E. lucius individuals being translocated into Italian
locations. This category of alleles is shown in Fig. 2.8.C, with Trentino and Po samples
having the greatest number of potentially introgressed alleles and cumulatively reaching
about 15% of all polymorphic alleles. It is worth noting that an even more strict gEUR
tolerance would likely decrease the amount of introgressed alleles identified with this
approach. However, it would do so at the cost of further reducing the sample size, which
could in turn enhance the effects of sampling and ascertainment bias. Rather, by identifying

and removing potentially introgressed alleles, this method could prove useful for designing
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an ancestry-informative set of SNPs based on a greater number of sampled individuals,

even when remnant European pike ancestry is present in some of them.

Private Alleles
le6

24.4%

0.8

0.7
0.6
0.5
12.5%

0.4|

0.3F

7.9%

8.4%
6.4%
3.1%
3.7%
0.1+ 1.8% 2.1%
1.2% o
i 0.9% 1.0% 7%
0.0% 05 DA% 0:2% I 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0:3% 0.3% 0-4% g g 194 0.3% 0.2% oo
0 0% I T [ | - 0% 0.0% 0.0% 0.0% 0.0% 0- - W a0

5.1% l ADDA o

6.7% B TRAS [ ] I I I
6.5% B GARD [ ] I I
LR 1]l
20.2% | HEE TREN [ ] I I

SEE I

1% DANU @ I

1 0
1le6

A B C D

Fig. 2.8. Number of private alleles which segregate exclusively in the populations or
set of populations shown below the bar plot as coloured circles. European and ltalian pike
populations are shown in blue and red, respectively. Percentages refer to the 3.5 million
polymorphic SNPs considered after removing hybrids with gEUR > 5%. A)
Subpopulation-diagnostic private alleles. The large difference between Danube and Elbe
private alleles is likely due to sampling bias. These alleles are also diagnostic of ancestry at
a species level. B) Species-diagnostic private alleles. C) These sets are likely to contain a
proportion of introgressed alleles from European pike into Italian pike populations. D) Alleles

which segregate exclusively in pairs of Italian subpopulations.
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2.4. Discussion

In this chapter, between- and within-population subdivision in Italian and European
pike was investigated with a resolution that was until now unavailable for the italian species.
Principal Component Analysis and Bayesian inference of structure and admixture confirmed
the genomic divergence of the two species that is consistent with the species status of E.
flaviae suggested by previous studies (Lucentini et al, 2006, 2011; Gandolfi et al, 2017).
When using PCA on two closely related species, the first component generally represents
the highest taxonomic subdivision, with potential hybrids occur in the middle between the
two species clusters, as is the case in wolf-dog (Stronen et al, 2022) and wildcat-domestic
cat admixture studies (Mattucci et al, 2019). In this study, this is highlighted by a nearly
7-fold difference in genetic variance between species-level (PC1) and subpopulation-level

(PC2, PC3 and PC4 combined) variation (Fig. 2.3.A).

A hierarchical subpopulation structure clearly emerges within Italian pike (Fig. 2.4),
where four clusters were identified in agreement with previous findings (Gandolfi et al.,
2017). In addition, this study sheds further light on gene flow across Italian pike populations.
Indeed, tree topology inferred through Treemix (Fig. 2.7 major mode) accounts for gene flow
from Trasimeno to Po, in line with anthropogenic translocations from Trasimeno Lake, which
hosts the pike supportive breeding programme. In this model, the earliest population split
corresponds to the divergence between Trasimeno and the remaining Italian populations,
possibly because of either colonisation or vicariance due to the Apennines posing a barrier
to gene flow. The Trasimeno-Po gene flow is compatible with within-Italian pike fastStructure
results for k = 2 (Fig. 2.4) where Trasimeno and Po samples cluster together, although the
Treemix minor mode topology seems to better support this clustering pattern. Gandolfi et al.
(2017) identified the Adda River population as a genetic cluster on its own, with some
individuals showing admixture from the Garda Lake and Trasimeno clusters (Gandolfi et al.,

2017, Fig. 5e2). Support for Adda River pike as a separate cluster can also be seen in my
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results (Fig. 2.4). These should thus be prudently considered as a subpopulation in future
restocking activities to preserve within-species genetic architecture.

This first genomic study in Esox flaviae allowed for comparison between SNPs and
traditional population genetics markers, namely microsatellites, currently used for monitoring
Esox flaviae populations. One of the key results is the discrepancy between these two widely
used techniques. In particular, estimates of European pike ancestry were systematically
biased towards lower values in hybrid individuals when using microsatellites as opposed to
SNPs. In other words, genomic markers were able to detect admixture better than
microsatellites. This is undoubtedly due to the ubiquitous presence of SNPs along the
genome, which prove useful in detecting complex patterns of introgression as haplotypic
blocks inherited from European pike break down across generations. In contrast
microsatellites only represent a small number of loci from different parts of the genome. A
similar pattern has been observed by other studies of introgression using both SNPs and
microsatellites, including species such as the spotted eagle (Vali et al, 2010), red deer
(McFarlane et al, 2019) and steppe polecat (Szatmari et al, 2021).

Besides covering the genome in its entirety, the SNPs hereby discovered represent a
feasible alternative to traditional methods because diagnostic analyses of individuals are
easily standardised and upscaled using SNP arrays. The sets of population-diagnostic
alleles identified in this chapter are indicative of ancestry both at species and subpopulation
level, and can be further refined to be employed in a genotyping assay for quick
discrimination of hybrids with low genotypic error rates (Anderson and Garza, 2006). While it
can be challenging to determine precise reduction in expenses as they depend on various
factors, such as sequencing and genotyping services, level of competence of technicians
and analysts, etc, it can be estimated that implementing such a procedure would reduce the
time and cost of data analysis by approximately an order of magnitude, increasing data

transferability across research groups (Anderson and Garza, 2006).
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2.5.

Conclusion

~3.9 million high quality biallelic SNPs were discovered across both pike species,

~3.5 million of which are located on mapped chromosomes.

Population subdivision analyses show a clear distinction between two divergent
clusters that coincided with Italian and European pike, confirming the species-level

status of E. flaviae.

Within-Italian pike genetic structure is hierarchical, with the highest level representing
a separation into two clusters, Trentino-Garda and Trasimeno-Po, with Adda showing

admixture between the two.

In genetic clustering analyses that assume 3 groups, Trentino and Garda separate

into two different clusters while Trasimeno-Po remain associated.

In genetic clustering analyses that assume 4 or more groups, the fastSTRUCTURE
algorithm converges on different clustering solutions. Most of these identify Trentino,
Garda, Trasimeno and Adda as separate clusters and Po as an admixed population

between the Adda river system and Trasimeno Lake.

Admixture between lItalian subpopulations is likely driven by man-mediated

translocations, especially where Trasimeno is concerned.
Detection of hybrids through microsatellites is biased towards low gEUR values,
especially in hatchery samples, possibly due to a domestication effect combined with

the lower resolving power of microsatellites.

Sets of ancestry-diagnostic SNPs were identified to be used in conservation actions,

including alleles potentially introgressed from E. lucius.
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Chapter 3: Genome-Wide Selection Scans in Italian and

European pike

Abstract

One of the milestones of conservation genomics is to preserve the adaptive potential
of a species or population, to allow it to better face environmental change. It provides the
opportunity to identify regions of the genome that appear to have diverged under selective
sweeps as described in section 1.5. In this chapter, two complementary approaches, Fsr and
XP-EHH, were implemented to detect selection signals in Esox flaviae as well as in Esox
lucius populations. In order to implement XP-EHH, genotypes were phased by
computationally inferring haplotypes. Genes falling within candidate genomic regions were
then assessed for functional enrichment to detect molecular changes that may have arisen
under selection in either species. Gene Ontology Enrichment Analysis revealed a significant
overrepresentation of gene functions involved in metabolism, immune system, genetic
regulation, tissue repair, reproduction and sensory perception. In particular, a high number of
genes were related to olfactory perception, which is an important aspect of the predatory
tactics of Esocids, being ambush predators that rely greatly on olfaction. Interestingly, Italian
and European pike showed signs of selection in different clusters of olfactory receptor
genes, suggesting that this might be indeed due to molecular adaptations to their respective
ecological niches. As a whole, these findings inform the need to preserve the genetic
integrity of sister taxa, even when closely related, as the cost of their hybridisation could be

the loss of specific genomic adaptations to the environment.
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3.1. Introduction
3.1.1. Preserving the adaptive potential of threatened

populations

Supportive breeding programmes mainly seek to maintain neutral genetic variation
within threatened species (Frankham et al, 2002). However, there is a rising concern that
naturally selected variants underlying adaptive traits could be neglected in captivity, instead
favouring maladaptive traits by artificial selection, leading to a decrease in adaptive potential
(Fraser 2008, 2017; Willoughby et al., 2017; Willoughby and Christie, 2018; Hoelzel et al,
2019). This is because the rather small sets of neutral genetic markers commonly used in
captive and supportive breeding programmes do not detect functional loci (Reed and
Frankham, 2001), resulting in two main consequences. First, even when phenotypic traits
are not intentionally bred for, such as in hatcheries with conservation purposes (Vainikka et
al, 2021), they can still undergo positive artificial selection because they are undetected and
therefore uncontrolled. Second, traditional genetic markers are often not suitable for
assessing and maintaining the adaptive potential of a population (Holderegger et al, 2006),
so fitness may be decreased even in captive-bred lines destined for reintroduction in the wild
(Fraser 2008, 2017; Willoughby et al, 2017; Willoughby and Christie, 2018; Hoelzel et al,
2019).

The need arises for informative genome-wide markers capable of assessing adaptive
potential in terms of functional genetic adaptations (Harrisson et al, 2014). This is a novel
concept that begins to find its way into state-of-the-art conservation practices (Funk et al,
2018; Hoelzel et al, 2019). In this study, adaptive potential is studied for the first time in E.
flaviae through statistical detection of signatures of natural selection acting along the
genome (see section 1.5 for details). If an annotated reference genome is available,
candidate genes can be identified by Genome-Wide Selection Scans (GWSS) and

overrepresented molecular functions can be detected through Gene Ontology Enrichment
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Analysis (GOEA), as described in 3.2.3. As a whole, these functions provide insight as to
what type of adaptations might be positively selected in this species and inform conservation

actions for ltalian pike.

3.1.2. Computational haplotype inference

One of the two approaches for GWSS implemented in this thesis is haplotype-based,
which requires haplotypes to be resolved and thus genotypes to be phased. In other words,
information is needed about which alleles were inherited together on the same molecule of
DNA. Phase can be inferred through databases of known haplotypes in well-studied
species, or through physical information from long NGS reads. SNP arrays and short
genomic reads, however, yield unphased genotype calls, in which case computational
phasing can be carried out (Browning & Browning, 2011).

Phasing algorithms infer haplotypes through shared genomic tracts that are
identical-by-descent (IBD) between related individuals. IBD blocks can also be estimated by
the algorithm through pairwise comparisons of unrelated individuals, such as those in the
current data set, benefiting from cryptic relatedness present in the sample which originates

from a common ancestor (Voight & Pritchard, 2005).

3.1.3. Functional Enrichment Analysis

Given the availability of a chromosome-scale assembled and annotated reference
genome, it is possible to identify and functionally characterise genes within potentially
selected regions. Gene Ontology Enrichment Analysis (GOEA) is a statistical method for
identifying gene functions which are over-represented in a set of genes analysed, taking into
account the entirety of genes present in the genome. This analysis owes its name to the
Gene Ontology (GO) (Ashburner et al, 2000), which seeks to organise all current knowledge
about gene and gene product attributes in a controlled vocabulary, that is, a network of

biological descriptors or terms interconnected by hierarchical semantic relationships. Terms
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are divided into one of three macrocategories: Molecular Function (MF), Cellular Component
(CC) and Biological Process (BP).

Each gene or gene product is annotated with one or more GO terms describing its
function as a whole and allowing for an analytical and thus automatable comparison across
other genes. This type of analysis is widely used in gene expression studies, where the
objective may be to determine which biological pathways are differentially regulated in
various tissues (Tsvetkov et al, 2021), or to characterise the effects of certain drugs in
pharmacological trials. When applied to GWSS, functional enrichment analysis can be used
to attain an overall picture of processes undergoing selective pressure, which may hardly
emerge by simply contemplating a heterogeneous list of genes (Song et al, 2022). It is,
however, advisable to prudently portray findings without over-interpreting the meaning of
enriched functions, as this can lead to rather speculative storytelling (Pavlidis et al, 2012).

Instead, GOEA should serve as a preliminary approach to understand which external
selective pressures might be playing a part in the evolution of species, and pave the way for
further and more targeted studies. For instance, if sufficient environmental data are
available, principal coordinates analysis (PcoA) can be carried out to determine which key
factors are driving the selection of genes with over-represented functions. If the correlation
between external causes and selected genes is confirmed and if the species of interest can
be studied in an experimental context, expression analyses and knockout experiments can
further investigate the candidate genes. For endangered species where this is infeasible,

GOEA findings can nevertheless provide valuable insight and inform conservation actions.
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3.2. Methods

3.2.1. Phasing

Prior to conducting haplotype-based selection scans, computational phasing was
carried out on the quality-filtered SNP data set described in Chapter 2, including 3.46 million
SNPs for 44 ltalian, 12 European and 5 hybrid pike. To assess which algorithm and
parameters were most suitable for this study, chromosome 1 comprising 175K SNPs was
phased using 3 different programmes: SHAPEIT v2 (Delaneau et al, 2013) and SHAPEIT v4
(Delaneau et al, 2019), run with default parameters, and Beagle v5.2 (Browning et al, 2021)
with 3 different sets of parameters: 40cM windows and 12 iterations each, 20cM and 24
iterations, and 10cM and 48 iterations. Then, algorithm performance was compared through
phase concordance and imputation accuracy. For the latter analysis, an increasing number
of SNPs (from 1% to 40% of the total data set) were set as having a missing genotype and,
after phasing and genotype imputation, compared to the original genotype calls. The most
efficient algorithm was chosen based on a trade-off between computation time and accuracy,

and was used to phase the remaining 24 chromosomes.

3.2.2. Genome-wide scans for selection

For these analyses, custom scripts were developed in Python 3.6 (Van Rossum &
Drake, 2009) which make use of data analysis libraries pandas v1.1.5 (McKinney, 2010),
numpy v1.19.5 (Harris et al., 2020) and statsmodels v0.12.2 (Seabold & Perktold, 2010),
data visualisation libraries matplotlib v3.3.4 (Hunter, 2007) and plotly v5.5.0 (Plotly
Technologies Inc, 2015), and genomic data manipulation software BEDTools v2.28.0
(Quinlan & Hall, 2010), VCFTools v0.1.15 (Danecek et al, 2011) and Plink v1.9 (Chang et al,

2015).
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In both allelic-frequency and haplotype-based GWSS approaches, hybrids were
excluded from the data set of 3.9 million quality-filtered genomic SNPs described in Chapter
2, in order to detect selection signals in either Italian (n = 43) or European pike (n=12).
Briefly, outlier regions were detected and genes overlapping such candidate regions were
identified based on the publicly available Esox lucius genomic annotation file version 3
(Ensembl genome build Eluc_v3, NCBI accession GCA_000721915.3). Lastly, functional
enrichment analysis was carried out separately on sets of annotated genes identified
through each approach. Specifics of the two methods are described in the following two

sections.

3.2.2.1. Allelic frequency-based approach

Fsr (Weir & Cockerham, 1984) across the two species of pike was calculated for
each SNP using Plink v1.9 option “--fst”. Species were distinguished by loading a cluster ID
file using option “--within”, where the first two columns of the file contained individual names
and the third column contained cluster IDs, either “0”, “1” or “NA” for Italian pike, European
pike and hybrids, respectively (the latter being excluded from the analysis).

A custom Python script has been used to calculate the windowed average Fsr using
a rolling window obtained by dividing each chromosome into windows of 150 Kbp with an
overlap of 75 Kbp and calculating the average of the per-SNP Fg; values.

Following the common practice in Fg;r scans, an outlier approach was implemented
(Yang et al, 2014; Ford et al, 2015; Candy et al, 2015; Ahrens et al, 2018). The
genome-wide empirical distribution of windowed Fg; was computed and windows having an
Fsr above the 99th percentile were classified as outliers. Outlier windows that were less than
150 Kbp apart were merged into broader regions. Genes overlapping selected regions were
identified through the intersection between the genomic annotation file and genomic intervals

using BEDtools intersect command.
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3.2.2.2. Haplotype-based approach

Genotype files were loaded onto Rstudio (RStudio Team, 2021) and values of EHHS,
XP-EHH and Rsb, along with their respective P-values, were calculated with the R package
rehh (Gautier et al, 2017; Gautier & Vitalis, 2012). Analyses were conducted separately for
each chromosome for technical reasons.

Specifically, genomic data were first converted to objects of class haplohh with the
function data2haplohh(). Then, scan_hh() was used on haplohh objects to compute
integrated EHH (iHH), integrated EHHS (iES) and integrated normalised EHHS (inES) for all
markers within each chromosome. XP-EHH and Rsb were calculated for each marker using
ies2xpehh() and ines2rsb(), respectively, and indicating in both cases popname1 as “ltalian”
and popname?2 as “European”. The order in which population labels are given determines
the directionality of the statistics, with positive and negative values of XP-EHH and Rsb
representing selection in Italian and European pike, respectively.

Outliers were identified following a custom pipeline based on Gautier et al. (2017)
that | modified at several steps to be more conservative. First of all, the frequency of false
positives due to multiple testing was reduced by applying Benjamini-Hochberg False
Detection Rate (FDR) correction (Benjamini & Hochberg, 1995) to P-values and setting a
significance threshold of 0.01. A rolling window approach was carried out by dividing the
entire genome into windows of 150 Kbp with an overlap of 50%. The overlap across
windows allows detection of signals which could otherwise be imperceptible if located at the
boundary between windows.

Because XP-EHH and Rsb are directional, selection signals were detected
separately in Italian and European pike by only considering either positive or negative values
of either statistic at a time. Therefore, for each species, a window was considered as a
statistical outlier if it contained at least 2 SNPs with an adjusted P-value less than 0.01 for
any combination of the two statistics considered, XP-EHH and Rsb. Genes overlapping

outlier windows were identified as described for Fg;. Candidate windows, regions and genes
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detected through either positive or negative XP-EHH and Rsb values are henceforth referred
to as the Italian (ITA) and European (EUR) sets, for simplicity. Lastly, EHHS profiles of both
species were plotted for the SNP with the most extreme XP-EHH or Rsb value within

particularly interesting regions showing functional homogeneity.

3.2.3. Functional Enrichment Analysis

The two GWSS methods used yielded three sets of candidate genes. Two of them
corresponded to haplotype-based signals in either Italian or European pike, and another to
allelic frequency divergence across species. To assess whether certain gene functions were
statistically over-represented in each set, two approaches were implemented which | termed
region-wise and genome-wise, to avoid confusion with the“genome-wide” method used in
the context of GWSS.

The reason for this is to increase the probability of detecting true signals of functional
enrichment due to the complexity of trait inheritance. Indeed, most phenotypic traits are
polygenic rather than monogenic (Shi et al, 2016), meaning that they derive from the
synergy of multiple alleles scattered along the entire genome. In enrichment analyses, it is
possible for the functional signal of such genes to become diluted when considering the
genome in its entirety. It may be overridden by a stronger signal from another polygenic
system or by localised genic clusters which often present a great number of copies of similar
genes.

As a consequence, a genome-wise GOEA analysis will yield only the strongest
overall functional enrichment signals and, while these may or may not correspond to all of
the traits truly under selection, they nonetheless provide an overall hint as to the main
selective processes acting in a population. Consequently, carrying out GOEA in a
region-wise manner increases the resolution at a local scale and allows for fainter signals to

emerge.
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Functional enrichment of GO terms was performed with a Python implementation of
software gProfiler v1.0.0 (Reimand et al, 2007), which retrieves data from the Ensembl
database corresponding to version 4 of the E. lucius genome (Eluc_v4, GenBank accession
GCA_004634155) as well as annotations from the Gene Ontology (released 2021-12-15). It
is also able to retrieve and integrate data from the Kyoto Encyclopedia of Genes and
Genomes, KEGG (released 2021-12-27), which is a pathway-oriented source of genomic
annotations.

In Jupyter lab, a gProfiler search instance was initiated and stored in an object with
the command gp = Gprofiler(return_dataframe = True). For each gene set, gene ID codes in
the form of numerical NCBI accession codes were passed as a list to the function
gp.-profile(organism = 'elucius', query = genelist). Default parameters were used, including
P-value correction for multiple testing using the “g_SCS” method, developed ad hoc for this
application (Reimand et al, 2007), with a significance threshold of 0.05.

In the region-wise approach, a label describing the general function of each region
was determined, where possible, based on the GO term with lowest term size (i.e. lowest

hierarchy) that encompassed all other GO terms in that region.

3.3. Results

3.3.1. Phasing

In the assessment of phasing methods, SHAPEIT2 was found to perform slightly
poorer for some individuals compared to all other phasing programmes, yielding an overall
diminished phase concordance (Fig. 3.1). Moreover, it could not handle more than 10%
missing data when imputing genotypes (Fig. 3.2). SHAPEIT4 performed similarly to Beagle
5.2, but the latter was chosen because it provided higher phase concordance across
different parameter combinations. Of the three configurations used for Beagle 5.2, the 40 cM

windows with 12 iterations each was preferred due to the trade-off between computational
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time and performance in terms of imputation accuracy. A total of 3.46 million SNPs were

thus phased this way.

s
2 .
T 2
o 2
n ~ N
= |
= =
Q |-
© gl g 0.910
Shapeit2 @ N El
LN
Q =
=L S 0.905
Q (o]
) |
Beagle5.2_40cM_12iter N
3 0.900
(o)}
©
()
)
Beagle5.2_20cM_24iter 0.91 0.895
Beagle5.2_10cM_48iter 0.91 0.91 0.890

Fig. 3.1 Phase concordance across different methods. For each pairwise comparison
between phasing methods, 175K genotypes from chromosome 1 were compared
per-individual and phase concordance was calculated as the proportion of genotypes with
matching phase. Phase concordance averages across all individuals is shown in the

heatmap.
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3.3.2. Genome-wide scans for selection

3.3.2.1. Allelic frequency-based approach

Overall, general allelic differentiation between Italian and European pike estimated by
averaging all values of Fs; was 0.53 + 0.08 (Fig. 3.3A). Nearly all chromosomes showed a
similar trend in terms of Fg4; differentiation with Gaussian-like curves except for chromosome
24, which displayed more variance resulting in a wider and more uneven distribution (Fig.
3.3B).

Out of 10,565 overlapping genomic windows analysed, 107 (1.01%) had an Fg;
value above the 99th percentile of the empirical distribution and were considered as
potentially under selection. After merging windows that were less than 150 Kbp apart, 52
candidate regions were identified. Average length of regions was 532.2 + 241.8 Kbp, the
shortest spanning 300 Kbp and the longest 1.6 Mbp. Candidate regions were distributed in
irregularly dispersed clusters along the genome with some chromosomes presenting a
higher density of occurrences, such as chromosomes 5 (n = 11), 11 (n = 9) and 22 (n = 6),
and some presenting none at all (Fig. 3.4). A total of 1005 genes were found that overlapped

these regions.
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A Distribution of global Fs between Italian and European Pike
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Fig. 3.3 Empirical distribution of genome-wide (A) and chromosome-wise (B) Fgr
between Italian and European pike, estimated by averaging across windows of 150 Kbp
with a 50% overlap. The thicker line inside each violin plot represents the interval from the

first to the third quartile, that is, where 50% of values lie.
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3.3.2.2. Haplotype-based approach

Using cross-population extended haplotype homozygosity metrics XP-EHH and Rsb,
161 (1.5%) and 191 (1.8%) out of 10,565 genomic windows were identified as potentially
under selection in Italian and European pike, respectively. Merging windows by proximity
produced 65 ITA and 83 EUR regions that were distributed in irregularly distanced clusters
across the genome (Fig. 3.4 A). Region varied in length from 300 Kbp to 1.4 Mbp, with an
average of 535.1 £+ 177.2 Kbp.

Total lengths covered by candidate regions were calculated chromosome-wise for
each type of signal considered, comparing both sets of species-specific outliers with
non-directional Fg; outliers. Interestingly, chromosomes having the greatest frequency of
species-specific signals had the fewest Fg; signals and vice versa (Fig. 3.4 A). Moreover,
Fig. 3.5 details a section of a candidate region in chromosome 1 displaying EHHS profiles at
two SNPs which have extreme XP-EHH and Rsb values. The delayed haplotype
homozygosity decay in Italian pike compared to European pike in these instances point to a
selective sweep in the former.

Lastly, a total of 2301 genes were found to overlap candidate regions: 1163 (49.28%)
and 1167 (49.46%) were exclusive to Italian and European pike, respectively, while just 29

genes (1.26%) were common to both sets.
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haplotype-based GWSS in ltalian Pike (“ITA”) and in European pike (‘EUR”), as well as
allelic frequency-based (“FST”). B1) Genome-wide distribution of haplotype-based
metrics. Positive and negative values correspond to the logarithmic adjusted P-values of
XP-EHH and and Rsb, respectively. The two metrics are displayed mirrored to emphasise
similarities and differences across methods. Outliers are shown in red or blue depending on
the sign of the metric, that is, if selection is acting in Italian or European pike, respectively.
B2) Genome-wide distribution of Z-scaled Fs;. Each dot represents the average ZFg;
across a 150 Kbp rolling window with a 50% overlap. Outliers above the 99th percentile of

the empirical distribution are colored in purple.
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Fig 3.5 A) Region of chromosome 1 showing two peaks of XP-EHH and Rsb signals
and B) EHHS profiles for the corresponding focal SNPs, indicated with black triangles in
(A). Red and blue represent Italian and European pike, respectively. In particular, the colour
of the dots in the Manhattan plot represents the sign of the haplotype-based metric.

Genomic positions are indicated in bp.
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3.3.3. Functional enrichment analysis

Overall the genome-wise GOEA only yielded results for the set of genes
corresponding to selection in ltalian pike, derived from the haplotype-based GWSS
approach. Olfactory perception and functions related to the immune system were
significantly enriched (adjusted P-value < 0.01).

However, the region-wise approach was much more fruitful. About one-third of ITA
and EUR regions and one-sixth of FST regions presented significantly enriched gene
functions. Among these, nearly all showed high functional within-region concordance, with
only a few resulting in enriched GO terms that could not be directly traced back to the same
pathway. Such was the case of one FST region in chromosome 5 (12.38 - 13.95 Mbp). This
area displayed significantly overrepresented GO terms (P-value < 0.05) related both to
muscle structure and/or function as well as metabolism.

Most regions were nevertheless functionally homogeneous (Tab. 3.1). When
considering region-wise functions conjointly for each of the three sets (ITA, EUR and FST), a
broader picture emerges. Italian pike-specific signals point to selection mainly in sensory
perception pathways (olfactory and visual), immune system and synaptic transmission as
well as in some metabolic pathways, genetic regulation and embryogenesis. While functions
potentially under selective pressure in European pike show a similar pattern, especially with
regard to olfaction, metabolism and genetic regulation, there are some differences. Indeed,
there are several GO terms associated with tissue repair, molecular signalling and cell cycle
regulation.

Interestingly, the signals of selection related to olfaction correspond to three different
clusters of olfactory receptor genes. Chromosome 1 contains two such clusters, with the first
undergoing selection in Italian pike (region 17,500 Kbp — 17,675 Kbp, visualized in Fig.

3.5.B1) and the second in European pike (region 30,775 Kbp — 30,950 Kbp), while the last
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cluster occurs on chromosome 7 (region 36,900 Kbp — 37,200 Kbp) and is under selection in
Italian pike.

Lastly, region-wise GOEA in Fg outliers also revealed functions involved in
metabolism, genetic regulation and cell cycle pathways. Unique to this set, though, there
were several GO terms linked to nucleoside transmembrane transport and voltage-gated
cation channel activity and a few related to the metabolism of xenobiotic agents,

osmoregulation and melanogenesis.
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Functional Enrichment method

GWSS method Species Genome-wise Region-wise

(XP-EHH and Rsb) Olfactory perception (19)

Tissue repair (7)

Metabolism (6)

Molecular signaling (3)

Genetic regulation, transcription and translation (3)
Cell cycle (2)

No enrichment

Immune system (1)
Cell junction (1)

Allelic frequency-
based (FsT)

Table 3.1 Main results of Gene Ontology Enrichment Analysis for genes found in
association with Italian-specific, European-specific and unpolarized selection signals.
Functional descriptors are based on the lowest-grade GO term capable of encompassing all
other GO terms within a region. Values between parentheses indicate the number of
significantly enriched GO terms identified (P-value < 0.05). Bold values indicate the

presence of at least one highly significant (P-value < 0.01) GO term.
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3.4. Discussion

The allelic frequency- and haplotype-based GWSS approaches captured different
aspects of selection signals that are potentially acting along the pike genome. Not
surprisingly, identified regions were almost entirely complementary across the two methods
(Fig. 3.4), as the former is likely indicative of either ancient or stronger selection, while the
latter reveals ongoing or softer instances of selective pressure. Moreover, the relative
abundance of putative soft and partial sweeps detected through XP-EHH and Rsb compared
to the scarcity of signals compatible with hard sweeps is in line with considerations regarding
soft sweeps as the prevalent form of evolution (Csilléry et al, 2018; Pritchard et al, 2010;
Schrider & Kern, 2017). In fact, it is more likely for standing genetic variation to gain a
beneficial function as a result of changes in the environment than for a favourable de novo
mutation to arise ad hoc in the right place, at the right time. Furthermore, pleiotropic alleles
underlying an advantageous trait will also display a pattern resembling that of a partial rather
than a hard sweep, and it is well known from human studies that complex polygenic traits
are much more common than monogenic ones (Shi et al, 2016).

It must be noted that selective pressures are not the only factors capable of leaving
footprints in the genome. Certain demographic events such as bottlenecks, migration and
population expansion may give rise to similar signals. For example, while genetic
hitch-hiking produces an excess of high- and low-frequency alleles, hence skewing the Site
Frequency Spectrum (SFS) towards extreme frequencies (Braverman et al, 1995; Fay & Wu,
2000), rapid population growth can lead to an excess of low-frequency variables as well (Fu,
1997; Ramirez-Soriano et al, 2008). This is because of increased opportunities for new
mutations, and because the resulting larger effective population size minimises random
genetic drift that would otherwise tend to remove rare variants from the gene pool (Hartl &
Clark, 2007). Bottlenecks can also produce analogous patterns in the genome depending on

the strength, duration and age of the event. During an abrupt and drastic contraction in
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population size, much genetic diversity is lost and thus there is a reduction in the quantity of
low-frequency alleles (Nei et al, 1975). However, if the bottleneck is not as pronounced or is
very recent, or if the population subsequently undergoes a significant expansion, the SFS
curve will more closely resemble that of a selective sweep, with a decrement in
intermediate-frequency alleles (Ramirez-Soriano et al., 2008).

In the case of well-studied species, or species with rather simple demographic
histories, data simulated from models can be used as the null hypothesis of selective
neutrality based on which to identify outliers. In our case, previous analyses portrayed a
complex picture likely due to numerous human-mediated translocations spanning several
decades (Welcomme, 1988; Lucentini et al., 2006, 2009, 2011; Bianco, 2013). As an
alternative to model-based outlier detection, we opted to use distributions of genome-wide
statistics to represent the null hypothesis of neutrality, on the basis that demographic
processes have genome-wide effects while selection acts locally (Cavalli-Sforza, 1966;
Lewontin & Krakauer, 1973; Akey et al, 2002). Naturally, disposing of a large set of
widespread genomic variants is essential for the statistical rigour of this type of approach.
Compared with early multi-locus studies (Eckert et al, 2009; Hamblin et al, 2004; Kayser et
al, 2003; Orengo & Aguadé, 2004; Schlétterer, 2002), FDR-controlled detection based on
hundreds of thousands of SNPs can greatly increase resolution when disentangling selection
from other confounding signals (Akey et al, 2002).

The GWSS methods implemented in this study detect signals of positive selection, as
opposed to negative or background selection. Positive selection is associated with selective
pressure from direct interactions with the environment, including ecological and climate
conditions, pathogens and other organisms (Levasseur et al., 2007; Fumagalli et al., 2011).
Thus, functional enrichment analysis provides indications of which external factors may have
contributed to shaping the genomic landscape of Italian and European pike.

As previously mentioned, selection signals detected through Fgr are presumably
more ancient than those detected by haplotype-based methods. Hence, it seems likely that

functions linked to osmoregulation and melanogenesis underwent evolution when the two
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species diverged, compatible with a model of allopatric speciation. Indeed, this is known to
be the case in well studied species of stickleback (Gasterosteidae Bonaparte, 1831), which
show evidence of major adaptive radiation during colonisation of new niches after the last
glaciation just 12,000 years ago (Divino et al, 2016; Kirch et al, 2021; Marques et al, 2018).
Likewise, findings from haplotype-based methods are likely linked to dynamic and
perhaps ongoing processes of adaptation to environments and biocenoses. In pike, factors
such as water turbidity, which are in turn determined by a combination of biotic and abiotic
elements (e.g. local vegetation, hydrogeography and temperature), appear to influence
phenotypic traits (Jepsen et al, 2001; Lehtiniemi et al, 2005). Further, being an ambush
predator, pike rely heavily on sensory perception, and turbidity has been shown to have a
negative effect on visually-guided but not on olfaction-driven predation success (Lunt &
Smee, 2015). This is consistent with evidence of selection on olfactory receptors identified in
this study. Nonetheless, more robust understanding of the processes driving the selection of
biological functions will require further investigation using experimental or environmental

data.
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3.5.

Conclusion

Different approaches for detecting signals of genome-wide selection were carried out
in Italian and European pike to better understand the basis of past and current
molecular adaptation.

Haplotype-based methods using metrics XP-EHH and Rsb revealed species-specific
regions with ongoing genomic divergence, while a genomic scan implementing Fgr
shed light on evolutionary processes that might have taken place at the divergence
between the two species.

Haplotype-based signals were more frequent than allelic frequency-based ones, and
they were also complementary, being located in rarely overlapping regions of the
genome.

Functional enrichment analysis points to certain key molecular pathways as
potentially under selective pressure, including olfactory perception, metabolism, and
immune response.

While more in-depth studies are needed to provide experimental support, this study
represents the first comprehensive analysis of genomic selection in Italian pike and
highlights the need to preserve this endangered species by providing evidence of

unique molecular adaptation.
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Chapter 4: Development of a High-Density SNP Panel for

Marble Trout

Abstract

Besides being a prized game fish (Meraner & Gandolfi, 2017), the marble trout
(Salmo marmoratus, G. Cuvier 1829) plays an important role as top predator in Italian alpine
ecosystems (Klemetsen et al, 2003). However, it is threatened by genetic erosion due to
hybridisation with stocked brown trout, and determination of its complex ancestry is often
hindered by the limited resolving power of traditional genetic markers (Gratton et al, 2014).
The aim of the work described in this chapter was to identify a high-density SNP panel from
pooled Whole Genome Sequencing (WGS) data to be included in an Axiom SNP assay for
assessment of Italian marble trout management units (MU) and detection of hybrids. A total
of 19.6 million high-quality SNPs were discovered in one exotic brown trout and six marble
trout populations from the Italian Alps. | present a cost- and time-efficient method for filtering
out potentially introgressed alleles as well as pseudo-SNPs from paralogous regions of the
trout genome, which is a common issue in salmonid genomic studies. To increase
genotyping success rate, probes centered around each SNP were tested in silico for
specificity in the trout genome, yielding a final set of 8.4 million unique probes. Furthermore,
species and population ancestry-informative SNPs were identified which can be used to
further filter the selected probes, depending on the final target size of the array. The SNP
panel that | developed paves the way for large-scale and resource-efficient high-throughput
genotyping efforts that will help clarify the current genetic integrity of marble trout
populations, define management units (MUs) and provide insight for future conservation

actions for marble trout.



4.1. Introduction

Marble trout (Salmo marmoratus, G. Cuvier 1829) is a freshwater salmonid native to
the Alpine freshwater system, present in mountainous areas of Croatia, Slovenia, Austria,
Switzerland but mostly in Northern Italy (Povz, 1995). A highly prized species for anglers, it
is currently endangered in most of its native distribution range due to habitat alteration and
hybridization with farmed brown trout of Atlantic lineage (Salmo trutta, Linneus 1758), the
stocking of which has been ongoing for decades if not centuries (Caputo et al, 2004; Caputo,
Giovannotti and Splendiani, 2010). Although the species is listed as Least Concern in the
IUCN Red List of Endangered Species (Crivelli, 2006), its genetic composition is so heavily
compromised that it is estimated no pure marble trout remain in most localities (Meraner &

Gandolfi, 2017).

Conservation programmes to locally rehabilitate marble trout populations are mostly
based on phenotypic or genetic marker-assisted supportive breeding activities. However, as
hybridisation progresses across generations, markers currently employed in screening
procedures, mainly microsatellites and mitochondrial DNA (mtDNA), often lack the resolution
needed to disentangle the true extent of fine-scale introgression. While Saint-Pé et al. (2019)
recently identified 12,204 SNPs in brown trout of the Atlantic and Mediterranean lineages,
these might not be sufficiently informative in the marble trout populations hereby assessed.
Indeed, Palombo et al. (2021) found that only about 900 out of 57 thousand SNPs from the
Affymetrix rainbow trout SNP array (Palti et al, 2014) were polymorphic and thus informative
about genetic identity in the Italian trout lineages they studied. Moreover, Pustovrh et al.
(2012) previously identified 41 polymorphic SNPs in Slovenian populations of marble trout,
but this number is incompatible with the objective of providing high-resolution insight into the
genomic structure of marble trout. As a result of this, conservation programmes may be

currently lacking comprehensive information to prevent marble trout populations from
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permanently losing genomic adaptations essential to their survival under anthropogenic

threats and climate change.

In this chapter, | develop a high-density Single Nucleotide Polymorphism (SNP) panel
to be implemented in a genotyping array allowing for estimation of introgression with
non-native brown trout and distinction of six Italian marble trout populations. Low coverage
Whole Genome Sequencing (WGS) data were generated for each individual and then
pooled by population. Generated SNPs were filtered to ensure that the final panel consisted
only of high quality, informative genomic markers compatible with ThermoFisher Axiom SNP
assay technology and excluding any pseudo-SNPs deriving from paralogous regions of the

trout genome.

4.2. Methods
4.2.1. Samples, Sequencing and Variant Calling

Prior to the onset of this doctoral project, genetic material had been collected from
the trout individuals shown in Table 4.1. Small portions of caudal fin were clipped and stored
in 95% ethanol until the processing phase. Whole genomic DNA was extracted and purified
from the fin clips with a KingFisher Cell and Tissue DNA Kit (Thermo Fisher Scientific Inc.,

Fremont, CA, USA), according to manufacturer protocols.

A per-population pooling approach had been implemented to maximise the number
of sequenced individuals while still allowing for robust population genetic analyses, with an
average cumulative per-population sequencing depth of ~30X. Thus, lllumina 150 nt
paired-end Whole Genome Sequencing (WGS) reads had been generated at Novogene Ltd
(Cambridge, UK), individually at 3X depth for 58 marble trout and 8 brown trout of Atlantic
lineage corresponding to a total of eight populations. The marble trout originated from six
Italian localities, including rivers Adda, Adige Bozen (AdigeBZ), Adige Trento (AdigeTN),
Avisio, Noce and Passirio, with an average of 9 individuals per locality (Tab. 4.2). These

individuals presented a marble trout ancestry coefficient of at least 0.95 according to a
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previous admixture survey using STRUCTURE software (Pritchard et al., 2000) and 15

microsatellites (data from Meraner & Gandolfi, 2018).

Individual Population Sampling date
ADD_1803 Adda 03/2005
ADD 1804 Adda 03/2005
ADD_1805 Adda 03/2005
ADD_1806 Adda 03/2005
ADD_1816 Adda 03/2005
ADD_1823 Adda 03/2005
ADD_1826 Adda 03/2005
ADD_ 1834 Adda 03/2005
ADD_1836 Adda 03/2005
ADD_1841 Adda 03/2005
APD_0177 Adige TN 03/2006
MUR_0768 Adige TN 03/2007
MUR_0777 Adige TN 03/2007
OSS_0737 Adige TN 03/2007
OSS_0742 Adige TN 03/2007
OSS_0744 Adige TN 03/2007
PDV_0042 Adige TN 03/2006
RMO_0666 Adige TN 11/2006
ZAM_0370 Adige TN 08/2006
CAL_0530 Avisio 11/2006
CAL_0532 Avisio 11/2006
CAL_0548 Avisio 11/2006
CAL_0551 Avisio 11/2006

IAS_0717 Avisio 11/2006
LAV_0596 Avisio 11/2006
MEZ_0309 Avisio 05/2006
PiP_1237 Avisio 06/2007
PoA_1240 Avisio 06/2007
PoA_1246 Avisio 06/2007
CA1_0226 Noce 03/2006




CA1_0227
CA1_0232
CA2_0444
CA2_0448
CA2_0456
PES 0497
PES_0500
PRA_0289
PRA_0290
St150431
St150435
St150438
St150448
St150450
St150465
St150467
St150476
St150544
St150391
St150407
St150426
St150478
St150479
St150482
St150485
St150487
St150496

Noce
Noce
Noce
Noce
Noce
Noce
Noce
Noce
Noce
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Adige BZ
Passirio
Passirio
Passirio
Passirio
Passirio
Passirio
Passirio
Passirio

Passirio

03/2006
03/2006
10/2006
10/2006
10/2006
11/2006
11/2006
03/2006
03/2006
10/2015
10/2015
10/2015
10/2015
10/2015
10/2015
10/2015
10/2015
11/2015
10/2015
10/2015
10/2015
11/2015
11/2015
11/2015
11/2015
11/2015
11/2015

Tab. 4.1. Individual trout codes, sampling locations and date of sampling.
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Population Sample size (n)

Adda 10
AdigeBZ 9
AdigeTN 10

Atlantic 8

Avisio 10

Noce 10
Passirio 9

Tab. 4.2. Trout populations and sample sizes. Atlantic refers to brown trout of Atlantic lineage.
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Fig. 4.1 Marble trout sampling locations. 1) Adda River; 2) Adige River (Trento); 3) Avisio
River; 4) Noce River; 5) Adige River (Bozen); 6) Passirio River. Figure adapted from

Meraner & Gandolfi (2018).
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Read quality was checked with FastQC (Andrews, 2010) and poor quality bases
were trimmed with Trimmomatic (Bolger et al., 2014) using the parameters “PE -threads 4
-phred33 LEADING:28 TRAILING:28 MINLEN:100” to ensure that surviving paired-end (PE)
reads were at least 100 base pairs long, with base quality encoding corresponding to the
Phred+33 format and a quality of at least 28 at the beginning and at the end of the read.
Reads from individuals were aligned to the brown trout reference genome v1 (GenBank
Assembly Accession GCA_901001165.1) using the bwa-mem aligner (Li & Durbin, 2009).
Mapped reads were then pooled by population and variants were called according to GATK

Best Practices v4 (McKenna et al, 2010; Poplin et al, 2017).

Genomic variants were filtered by only retaining markers that i) were biallelic SNPs,
ii) were located on anchored chromosomes and iii) had a pooled read depth greater than 8
reads within populations, which is a rather conservative threshold chosen based on previous

analyses to ensure a very low error rate.

4.2.2. Selection of SNP panel for species and population
identification

4.2.21. Fine-scale introgression analysis

Because the marble trout is critically threatened by hybridisation with non-native
brown trout and no single population is completely free of introgression (Meraner and
Gandolfi, 2018), it is likely that some brown trout alleles are present in our pooled samples.
Although all individuals have been selected on the basis of a previous microsatellite
screening, genome-wide SNPs can reveal undetected introgression, as seen in Chapter 2
for the Italian pike. | hypothesise that reference alleles having low frequency (AF < 0.05) in
marble trout populations while, at the same time, high frequency (AF > 0.5) in brown trout

(therefore having a high probability of being derived from the introduced species) are
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potentially introgressed. Because samples are pooled by population, allelic depth is used as

a proxy of allelic frequency.
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4.2.2.2. Identification of paralogous loci in Marble trout

Compared to other teleosts, Salmonids underwent a further genome duplication
event approximately 96 million years ago (Allendorf & Thorgaard, 1984). Despite
diploidization, the trout genome still presents some paralogous regions which have
tetrasomic inheritance (Berthelot et al, 2014) and which can hinder correct variant calling.
Indeed, alignment algorithms often fail to detect duplicated regions as paralogous and
instead mistake them for homologous loci (Christensen et al, 2013). That is, if the amount of
accumulated mutations is not enough for an algorithm to distinguish two loci, these are
collapsed into one locus and mismatches are erroneously called as single nucleotide
variants (SNVs), namely pseudo-SNPs in the context of this thesis. As a consequence of the
experimental design favouring genetic diversity over sequencing depth, the
population-pooled samples do not allow for discrimination of individual genotypes. Therefore,
variants were considered pseudo-SNPs and filtered out when all populations showed a
minor allele frequency (MAF) greater than 0.45 or a missing genotype at a given locus. Read
depth was assessed to verify whether filtered loci met the requirement of having double the

target sequencing depth.

4.2.2.3. Technical filters

After applying the filters previously described, sequences (henceforth termed probes)
consisting of 71 bp regions with each remaining SNP in the centre were extracted from the
brown trout reference genome. The exact length was determined following indications of the

SNP assay manufacturer (ThermoFisher, Santa Clara, California, United States).

A Blast (Altschul et al, 1990) against the brown trout reference genome was used to
exclude non-specific binding of probes (parameters “-task blastn -word_size 17
-max_target_seqgs 10 -max_hsps 17”). Probes were considered unique and retained if there
were no additional non-specific hits in the genome with percentage of identity greater than

90% and other requirements depending on the location of the match within the query. In
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particular, for upstream sequences (first 35 nt of the probe), no more than one blast match
was allowed after filtering for “query end = 35” and “query start < 3”, because any
non-specific alignments which end before the 35" base imply at least one mismatch at the 3’
end of the probe, and those which start after the 3™ base would have an alignment length
inferior to 90% of the probe length; both of these conditions impair in vitro annealing of
probes. Following the same logic for the reverse strand, downstream (last 35 nt of the probe)
filters were “query start < 37” and “query end = 68”. Probes were then labelled as either

“‘upstream”, “downstream” or “across” depending on whether one part or both bind uniquely

to the desired region.

After excluding non-unique matches, probes with SNPs presenting an inter-marker
distance shorter than probe length (35 bp) were discarded, as well as loci with either G/C or
A/T alleles, as these would require twice as many probes due to the architecture of the

ThermoFisher Axiom SNP array.

4.2.2.4. Ancestry diagnostic SNPs
SNP sets which are informative of membership to different marble trout populations,
thus diagnostic of ancestry, were identified based on criteria corresponding to the seven

categories described below.
e Category 1: Alternative alleles polymorphic in both trout species

These alleles have an alternative allele frequency (AF) > 0.1 in brown and in at least
3 out of 6 marble trout populations, with AF < 0.3 in all populations to exclude any
paralogous regions which might have eluded previous filters. This category is useful
for minimising ascertainment bias especially when genotyping new populations not

included in this study.

e Category 2: Species-specific monomorphic alleles
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o 2A: The alternative allele is monomorphic in and exclusive to marble
trout. These are most adequate SNPs for identifying species.

o 2B: The alternative allele is monomorphic in and exclusive to brown
trout samples in this study. Because the reference brown trout genome
contains, by definition, the reference allele, these SNPs highlight differences
between brown trout samples sequenced for this study and the brown trout
reference genome.

Category 3: Alternative allele exclusive to marble trout, polymorphic in only

one marble trout population and monomorphic elsewhere

This category is useful for distinguishing between species albeit with less precision

compared to 2A.

Category 4: Alternative allele polymorphic in and exclusive to brown trout

Like 2B, this SNP subset provides insight into brown trout but not marble trout
lineages. In other words, if the alternative allele is present it’s likely from brown trout,

but the opposite is not true.

Category 5: Alternative allele polymorphic in and exclusive to Marble trout

Alternative alleles present with AF > 0.1 in at least 3 out of 6 marble populations but

absent in brown trout.

Category 6: Alternative allele monomorphic in and exclusive to only one

Marble trout population

This is the most efficient category for identifying individual marble trout populations.

Category 7: Alternative allele polymorphic in and exclusive to only one marble

trout population
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These SNPs are similar to those specified in category 6, but with less power to

diagnose population ancestry.

The most informative loci are those that present an alternative allele which is fixed
(i.e. monomorphic) in one species or subpopulation and completely absent from others.
Examples of these are SNPs from categories 2A and 6, where the presence of the
alternative allele is immediately indicative of marble trout ancestry. It must be noted that
while category 2A reference alleles are diagnostic of brown trout ancestry, category 6

reference alleles are not necessarily so, as they can be found in other marble trout lineages.

4.3. Results
4.3.1. WGS read alignment and SNP discovery

llumina Whole Genome Sequencing yielded a total of 6.99 billion raw 150 bp
paired-end reads. Approximately 5.94 billion reads (85.1%) remained after trimming. Of
these, 5.89 billion reads (99.1%) were mapped to the brown trout genome and a high
percentage (90.4%) was properly paired. The variant calling pipeline generated an initial set
of 30.1 million variants, comprising 23.4 million SNPs (96.7% of which are biallelic) and 6.4
million indels (70.7% biallelic). Filtering out low-quality, multiallelic variants occurring on

unanchored scaffolds resulted in a final dataset of 19.6 million high quality biallelic SNPs.
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4.3.2. Selection of SNP panel for species and population
identification

4.3.2.1. Fine-scale introgression analysis

A variable number of potentially introgressed alleles from brown trout was detected in
all sampled marble trout populations, with Adda and Adige Trento showing the least amount
(0.013% and 0.018%, respectively, compared to all 19.6 million SNPs), and Passirio
(0.052%) and AdigeBZ (0.051%) presenting the highest estimated introgression, as shown in
Fig. 4.2. In total, 36,012 unique introgressed alleles were detected, corresponding to 0.183%
of the SNP data set. The physical distribution of such alleles along the genome is shown in
Fig. 4.3 and, with greater resolution and following a per-individual approach, in Fig. 4.4. A
clustered pattern is often present, which can be attributed to the inheritance of haplotype
blocks from brown trout. For practical purposes, only chromosome 1 is shown, however the

trend is similar in all 40 chromosomes.
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Fig 4.2. Relative amount of detected introgression in all sampled marble trout
populations. Per-population and average number and percentage of potentially

introgressed alleles within 19.6 million genome-wide SNPs.
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Fig 4.3. Putative introgressed alleles in marble trout populations in a 5 Mbp segment
of chromosome 1. Above, the heatmap shows the relative SNP density. Below, diamond
markers indicate the positions of alleles likely to be introgressed from brown trout into
different marble trout populations, which fulfil the requirement of being rare in marble trout

(frequency < 0.05) and common in brown trout (frequency > 0.5).
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Fig 4.4. Putative introgressed alleles in chromosome 1 for each individual (shown in
legend) and for each marble trout population. Chromosomal position is shown on the X axis
as a multiple of 1e7 base pairs (bp). Clustered alleles are likely to be haplotype blocks
introgressed from Atlantic brown trout. Such introgression patterns are present in all

chromosomes (not shown), and in all sampled marble trout populations.
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4.3.2.2. Paralogous loci

A total of 424 thousand loci containing putative pseudo-SNPs from paralogous
regions (having allelic frequency between 0.45 and 0.55) were identified in all chromosomes.
In particular, ex-post evaluation of per-population sequencing depth at these loci highlighted
a peak at ~60X (termed as C in Fig. 4.5) in about half of the chromosomes, corresponding to
double the sequencing depth at which genomic data was generated (peak B in Fig 4.5). This

is indicative of pseudo-SNPs deriving from paralogous regions of the genome.
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Depth of loci with MAF > 0.45 in all populations
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Fig 4.5. Sequencing depth of potentially paralogous pseudo-SNPs.

The joyplot shows the sequencing depth distribution of SNPs having MAF > 0.45 in all trout
populations. The first peak at a depth of ~10X (A) is due to missing data, while the second
(B) corresponds to the target depth at which data was sequenced (~30X). The peak at ~60X
(C) corresponds to loci that have approximately twice the sequencing depth at which

genomic data was generated, so they likely originate from paralogous regions.
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4.3.2.3. Technical filters

The SNP set was further refined to 13.4 million SNPs after excluding loci that were
potentially introgressed, pseudo-SNPs, had G/C or A/T alleles and were less than 35 bp
apart. After generating 71 bp probes centred around these SNPs and discarding non-specific
matches within the brown trout genome, 8.4 million unique probes were identified (Tab. 4.2),
on average 210 thousand per chromosome. Moreover, approximately 7.3 and 7.2 million

unique probes were identified when considering only the upstream or downstream half,

respectively.

::;obrz;' Ch:l‘))m- uplirtl:::; ::fr:l?es dovbjnr::'::nisp?:bes Unique 71 bp probes
1 LR584410.1 256574 251881 298618
2 LR584445.1 239853 236728 272572
3 LR584416.1 223677 218999 258467
4 LR584420.1 273312 267938 318119
5 LR584433.1 278287 274746 316313
6 LR584406.1 220202 215901 253504
7 LR584430.1 197233 194859 225833
8 LR584407.1 179875 176569 206776
9 LR584409.1 180048 177315 204887
10 LR584419.1 188220 185722 216809
11 LR584438.1 67608 65815 82551
12 LR584441.1 265391 260466 308621
13 LR584428.1 287473 283339 326828
14 LR584411.1 300200 295140 348827
15 LR584415.1 196905 193954 226097
16 LR584431.1 219957 216863 252615
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Total

LR584426.1

LR584435.1

LR584427.1

LR584429.1

LR584437.1

LR584440.1

LR584421.1

LR584412.1

LR584436.1

LR584439.1

LR584424.1

LR584422.1

LR584418.1

LR584432.1

LR584423.1

LR584408.1

LR584414.1

LR584434.1

LR584444.1

LR584442.1

LR584417.1

LR584425.1

LR584413.1

LR584443.1

205318

167873

193686

204627

204698

176129

183646

188032

183079

159288

193488

184673

88358

164122

172564

95039

176910

163182

157880

151951

80027

96078

65573

71886

7302922

202230

165023

190997

201538

201523

173448

181340

185557

180440

156745

190669

181970

86109

161694

170493

92601

174404

160908

155729

149560

77821

93468

63610

70099

7184211

235354

194345

221708

235274

232738

199361

207946

213861

209361

182356

219803

209357

106688

185873

197799

115565

200360

185341

179457

172568

96125

115728

79359

86242

8400006

Tab. 4.3. Unique probes identified for each chromosome, after excluding putative

introgressed loci, pseudo-SNPs, SNPs with G/C or A/T alleles and inter-SNP distance less

than 35 bp.
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4.3.2.4. Ancestry diagnostic SNPs

Population- and species-diagnostic SNPs were identified based on criteria for 7
different categories (Fig 4.6). Of these, the most informative for inferring ancestry are
category 2A (35.2 thousand marble trout species-specific SNPs) and category 6 (~11
thousand SNPs exclusive to each marble trout subpopulation for a total of 105.5 thousand
SNPs). About 674.4 thousand SNPs were polymorphic both in brown trout and at least 3
marble trout populations (category 1), while 3.4 million SNPs segregated only in marble trout

populations but not in brown trout.
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Number of Diagnostic Trout SNPs
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Fig 4.6. Ancestry diagnostic SNPs. Count of SNPs ascribed to different categories as
described in section 4.3.2.4. In particular, subtype 2A is the most informative of marble trout

as a species, while type 6 is the most suitable for identifying marble trout subpopulation.
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4.4. Discussion

Although the genetic diversity of the Salmo trutta L. complex in the Italian region is
difficult to disentangle, there is clear consensus that Italian lineages must be shielded from
further genomic erosion due to introgression from stocked brown trout (Meraner et al, 2012;
Gratton et al, 2014; Meraner & Gandolfi, 2017; Splendiani et al, 2019). To this end, Palombo
et al. (2021) implemented the Affymetrix 57 K SNP array (Palti et al, 2014) derived from
rainbow trout (Oncorhynchus mykiss, Walbaum 1792) to genotype two lineages of
Mediterranean trout (Salmo cettii, Rafinesque 1810) in South-Central Italy but only ~900
SNPs were polymorphic in these populations. Likewise, Saint-Pé et al. (2019) identified a set
of 12,204 SNPs informative in brown trout from Atlantic and Mediterranean lineages, ~700 of
which were polymorphic in our trout populations (data not shown). Still, studies in Italian
marble trout greatly rely on mtDNA and few nuclear markers for ancestry assessment and
detection of hybrids (Meraner et al, 2012), emphasising the need for a standardised,
high-density genotyping tool. The present study aimed to close this gap and began by
discovering 19.6 million high-quality SNPs from Whole Genome Sequencing of one brown
and six marble trout populations. Among these, over 4 million were polymorphic in at least 3
of the six italian samples (SNP categories 1 and 5, as described in section 4.3.2.4.), and
more than 2 million SNPs were polymorphic in at least one population (categories 3 and 7).
Moreover, alleles that segregate in brown trout but not in marble trout (categories 2A and 4)
are useful for countering ascertainment bias when using the SNP array to genotype
populations different from the ones considered in its development (Bianco et al, 2014; Geibel
et al, 2021).

One of the challenges of this study was to ensure that, although individuals were
previously selected on the basis of genetic screening to exclude hybrids, as far as
reasonably possible, SNPs that contained introgressed alleles did not make their way into

the final SNP panel. The presence of a significant number of these SNPs would confound
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and weaken the power to detect individual ancestry. Filtering criteria were thus designed to
detect rare alleles in marble trout which had the highest probability of deriving from
admixture with domestic brown trout. Visual (Fig. 4.4) and analytical (tests of Complete
Spatial Randomness, data not shown) assessment of the physical distribution along
chromosomes suggested that such alleles were often present in clusters compatible with
inherited brown trout haplotypic blocks. Interestingly, although trout individuals selected for
this study presented a nearly 100% marble trout ancestry according to a previous survey
using 15 microsatellites (published in Meraner & Gandolfi, 2018), | observed putative
introgressed alleles in all populations which matched the admixture patterns found by
Meraner & Gandolfi (2018). Specifically, in both studies Northern Adige (Adige BZ) and
Passirio rivers showed the highest level of average introgression, followed by Noce, Avisio
and Southern Adige (Adige TN) rivers and ending with Adda river as the least admixed
population. The fact that my estimates are in line with previously reported admixture trends
observed with mtDNA and nuclear microsatellites (Meraner et al, 2012; Splendiani et al,
2016, 2019) represents an a posteriori validation of the filtering method used for identifying
introgressed SNP alleles.

Another obstacle was posed by residual paralogous regions originating from WGD
(Allendorf & Thorgaard, 1984; Comai, 2005), which | was able to overcome by discarding
424 thousand SNPs having an approximate allelic frequency of 0.50 + 0.05 in all
populations. While not all these loci are pseudo-SNPs (most are likely true SNPs as
suggested by peak B in Fig. 4.5), my conservative approach was facilitated by the high
availability of genomic markers (19.6 million).

Finally, in the light of increasing genotyping success rate in a future SNP genotyping
array, flanking sequences around SNPs were tested for specificity in the brown trout genome
considering parameters that influence annealing capacity (see section 4.3.2.3 Technical
filters), and only probes with unique matches were retained (Tab. 4.2). Further in silico
evaluation of probes is normally carried out by the manufacturer and a p-convert value is

assigned to each probe (Liu et al, 2017). Additionally, should the 8.4 million 71 bp probes not
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suffice, | identified more than 7.2 million unique 35 bp upstream or downstream half-probes

that can also be tested for inclusion in the Axiom SNP array, as per manufacturer

instructions.

Thus, the present study contributes to the conservation of endemic marble trout by

providing a high-density SNP panel informative of species and population ancestry in six

different marble trout populations from Northern Italy. These SNPs can be further filtered

using information from ancestry-informative SNP categories hereby identified and depending

on the target amount of trout SNPs allocated within the Axiom SNP array.

4.5.

Conclusion

A total of 19.6 million high quality biallelic SNPs were generated from pooled WGS

data in one brown trout and six marble trout populations.

Fine-scale introgression analysis revealed a widespread effect of admixture from
brown trout into all sampled marble trout populations, accounting for a total of ~36

thousand putative introgressed alleles (0.18% of the initial SNP data set).

Passirio and AdigeBZ samples showed higher genome-wide estimates of
introgression according to the filtering approach used in this study: 0.052% and
0.051%, respectively. Adda (0.013%) and AdigeTN (0.018%) showed the least

amount of introgression.

424 thousand pseudo-SNPs from paralogous regions of the trout genome were

identified with a conservative approach and removed from the SNP panel.

SNPs which had G/C or A/T alleles or an inter-SNP distance smaller than 35 bp were

discarded, compatibly with Axiom SNP Assay technology.
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A total of 8.4 million unique 71 bp-long probes centred around remaining SNPs were

retained after discarding probes with non-specific genomic alignments.

Moreover, sets of ancestry-informative SNPs both at species and population level
were identified for future use in the genotyping array. SNPs which are less

informative of current samples but nonetheless polymorphic in both species were
also identified in order to contrast ascertainment bias when genotyping additional

populations, not included in this study
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Chapter 5: Final Discussion and Concluding Remarks

5.1. Introgression by non-native species

It is estimated that more than one-fifth of freshwater fish species in Italy are
recognised as “Critically Endangered” (IUCN Red List 2013), and at least a one
quarter-fourth are classified as either “Endangered”or “Vulnerable”. Moreover, as many as
18.3% of the 93 fish species occurring in the Italian peninsula are endemisms (Bianco et al,
2013), which are particularly at risk not only due to the increasing climatic oscillations
observed in Mediterranean peninsular ecosystems (Griffiths, 2006) and to habitat
degradation (Lucentini et al, 2006) but also due to restocking activities with allochthonous
species (Horreo et al, 2014). In particular, this anthropogenic threat is linked to absence or
inadequacy of legislation aimed at preserving local biodiversity, often caused by an
underlying lack of knowledge concerning actual MUs. This was the case for marble trout and
italian pike, of great value in recreational fishing, whose populations have undergone
stocking with commercial lines for decades (Lucentini et al, 2011; Meraner and Gandolfi,
2017), long before the negative consequences of such actions were known. Despite strict
European, national and regional bans against the propagation of alien species, release of
domestic strains into the wild is still ongoing in many areas, including protected Natura 2000
sites (https://ec.europa.eu/environment/nature/natura2000/; Splendiani et al., 2019).

Long-term fitness of introgressed populations is expected to decrease due to the loss
of genomic adaptations to local ecosystems (Muhfel et al, 2009). My genome-wide selection
scans in ltalian pike highlight potential species-specific molecular adaptations regarding
olfactory perception, metabolism- and immune system-related functions, supporting the need

to preserve the adaptive traits of endemic species.



Furthermore, my results confirm the persistence of non-native hybridisation both in
Italian pike and in wild marble trout populations, albeit through different approaches given
the different experimental designs. | identified traces of exotic admixture in the former
through Bayesian inference of demography, while in the latter | filtered SNPs based on
criteria concerning allelic frequency. Although individuals from both species had been
selected for this project on the basis of previous microsatellite screening, my analyses
revealed hybridisation in putatively “pure” populations that was not detected by traditional
genetic markers, which | further discuss in Section 5.3.

The ability to detect hybrids is a crucial topic in conservation genetics studies across
many species (Stronen et al, 2022; Mattucci et al, 2019; Halbert and Derr, 2006; Meraner,
Unfer and Gandolfi, 2013). A key question in this regard, for practical and applied purposes,
is where to trace the line between hybrids and pure individuals. While there is no universal
rule, some studies adopt the 90% ancestry membership threshold (Barilani et al., 2006; van
Wyk et al., 2017; Gandolfi et al., 2017) which has been determined as the limit of detection
(LOD) through analysis of empirical and simulated data (Barilani et al, 2006), but the true
LOD may vary depending on factors such as marker set size, type and the genetic similarity
between parental species (Vaha and Primmer, 2006). Moreover, the criterion for defining
hybrids may vary depending on the aim of the survey, as different analyses may have a
different sensitivity to introgressed alleles. For example, phylogenetic or demographic
analyses might be compromised to a greater extent by undetected introgression (Holder,
Anderson and Holloway, 2001; Leaché and McGuire, 2006) than genome-wide selection or
association scans, where it could, at worst, dilute true selection signals (Medina-Gomez et
al., 2015). For this reason, | implemented two different hybrid detection thresholds in Italian
pike: 5% and 10% in Chapters 2 and 3, respectively. Most importantly, conservation
programmes should place special emphasis on which threshold they use when defining and

removing hybrids from wild populations, as a lower tolerance of admixture may result in the
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exclusion of allochthonous alleles at the expense of endemic genetic diversity, by eliminating

rare native alleles.

5.2. On man-mediated versus natural gene flow

In the present study, | contribute to the genetic conservation of two Italian alpine
endemic fish, the Italian pike and marble trout, both directly, by determining levels of
introgression from a non-native congeneric and natural genetic structuring within the former,
and indirectly by discovering high-density genomic markers to be used in future screening
and monitoring practices for both species.

Understanding population substructure is essential for defining management units,
which can be considered a reservoir of genomic adaptations to specific biogeographic areas
and therefore to particular ecosystemic conditions. Supportive breeding programmes for
these two important teleosts do not as yet prioritise distinctions between local lineages,
partly because uncertainty still pervades the characterisation of pike and trout MUs. Indeed,
my demographic analyses reveal admixture between Italian pike populations that should be
separated by the Apennines, an insurmountable obstacle for most aquatic species. This was
the case for the Po River population showing introgression from Trasimeno Lake pike, which
can only be attributed to man-mediated translocations and should be discouraged. | also
detected other instances of within-species admixture in native pike, which, on the other
hand, can be examples of natural migration events due to spatial continuity as is the case
between Garda Lake, Adda River and Po River, given that they all belong to the Po basin.

Similar dynamics have been documented for other endemic freshwater species
such as grayling (Meraner, Cornetti and Gandolfi, 2014), barbel (Berrebi et al, 2014) and the
Italian “vairone” Telestes muticellus, Bonaparte 1837 (Stefani et al, 2004; Marchetto et al.,
2010), which show evidence of secondary contact between populations that are now
geographically separated. This can be understood in the light of climatic oscillations over the

past 2 million years (Hewitt, 1999): for freshwater fish, glacial maxima often provided
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ecological corridors instead of obstacles to gene flow. In fact, during glaciations in the Alpine
region throughout the Quaternary period, the sea level periodically dropped below 120
meters causing the North Adriatic shoreline to recede by hundreds of kilometres (Maselli et
al, 2011). As a consequence, the Po basin expanded considerably (Fig. 5.1) and many
catchments reached confluence before draining into the Adriatic Sea, generating an
ecological corridor for freshwater species to colonise (or re-colonise) the Italian peninsula
from Eastern Europe (Giuffra et al, 199; Kotlik and Berrebi, 2001; Bernatchez, 2001,
Gouskov and Vorburger, 2016; Meraner and Gandolfi, 2017). Contrary to terrestrial species,
deglaciation then caused inland ichthyofauna to evolve separately due to vicariance, leading

to the high endemic biodiversity observed in Italy today.
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Fig. 5.1. Extent of the Po basin in the present day (shown in purple) and during maximum
marine ingression ~5.5 thousand years ago (shown in red). Figure taken from Maselli et al.,
2011.
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5.3. Microsatellites versus single nucleotide
polymorphisms

Genetic monitoring has been paramount in the investigation and preservation of
biodiversity, especially through the use of traditional genetic markers such as microsatellites
(Hodel et al, 2016). However, they may provide limited resolving power to discern between
certain competing biological, ecological or evolutionary hypotheses as well as to detect
admixed individuals in introgressed populations (Haasl and Payseur, 2011). In fact, in
Chapter 2 | compared the performance of both marker types in detecting introgression from
non-native European pike (qEU) and found that in all but one case microsatellites
considerably underestimated hybridisation. One possible explanation for this lies in the
different software used for demographic inference: Gandolfi and colleagues (2017) analysed
their microsatellite data with STRUCTURE (Pritchard et al., 2000) while | used
fastSTRUCTURE (Raj, Stephens and Pritchard, 2014) for SNPs. These two software are
closely related but differ in their ability to handle different marker set sizes and types.

Indeed, they take into consideration the different mutation dynamics underlying SNPs
and microsatellites. The former arise due to point mutations and follow the infinite-site model
(ISM) (Kimura, 1969), according to which it's highly unlikely for a mutation to occur twice at
the same site. On the other hand, microsatellites have a greater mutation rate (Li et al, 2002)
and occur due to DNA strand slippage during replication, which generates variability in the
number of tandem repeats (Bhargava and Fuentes, 2009), and are better described by other
models such as the stepwise mutation model (SMM) (Slatkin, 1995). The main difference
between the ISM and SMM is that allele homoplasy is allowed within the second; in other
words, a second mutation can revert a microsatellite allele back to its ancestral state.
Homoplastic alleles are an example of convergent evolution, being identical by state

(number of tandem repeats) but not identical by descent (Ohta and Kimura, 1973).

104



A practical implication of this phenomenon is that microsatellite markers may not be
as reliable as SNPs for phylogeographic studies where divergence occurred earlier than 3 —
30 thousand years ago (Paetkau et al, 1997; Beaumont et al, 1999). In fact, Berrebi,
JesenSek and Crivelli (2016) found that microsatellites cannot distinguish ancient (and thus
natural) admixture between marble trout and brown trout, likely due to their high mutation
rate. Vice versa, microsatellites may, in some cases, provide greater insight into fine
population structure and recent gene flow given their greater mutation rate and per-locus
informativity (Angers and Bernatchez, 1998). Thus, another possible interpretation of the
dissonance between SNPs and microsatellites could be linked to incomplete lineage sorting,
ILS, (Komarova and Lavrenchenko, 2022), because different markers can give rise to
different gene trees and confounding results (Kutschera et al., 2014). Indeed, gene flow and
ILS can lead to the same type of signal and this adds a layer of complexity to the inference
of introgression, which can be contrasted by a larger number of genomic SNPs as opposed

to fewer microsatellites (Komarova and Lavrenchenko, 2022).

5.4. Choice of experimental design

In this doctoral thesis, | implemented two different whole genome sequencing
approaches: individual-based for Italian pike and population-based for marble trout. The
workflows implied in both methods greatly overlap, but also consist of specific advantages
and disadvantages. This experimental design reflects similarities and differences between
the two case studies.

Firstly, no genomic studies existed in literature for Italian pike, being very recently
identified as a distinct endemic species, so there was an interest to gain high resolution
insight into the genomic landscape of this species. Because of this, an individual sequencing
approach was chosen with an average sequencing depth of 20X to yield reliable genotypes
and limit the amount of markers that do not exceed quality assessments. This approach

allowed for haplotype phasing which was used in studies of selection to determine genomic
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regions that fitted the patterns expected under selection which may provide insights into
genomic adaptations. Moreover, because current supportive breeding programs for pike are
based predominantly on morphological traits as opposed to genetic ones (Lucentini et al,
2009), it was important to assess the extent of hybridisation through a high-resolution,
per-individual genomic approach.

However, the higher sequencing costs initially posed a constraint on the sample size
which in turn limited the statistical power of certain analyses. In fact, the original data set
consisted of only 28 pikes, 16 of which had been previously identified as Esox flaviae
through microsatellites. As further funding became available, it was possible to increase the
pike data set to 61 individuals and reach significance thresholds for outlier detection in
GWSS analyses. Per contra, upscaling the data set required more time for data generation,
read alignment, SNP discovery and re-analysis. Thus, it is wise to consider aimed resolving
power when defining the optimal sample size in function of downstream analyses,
sequencing depth and project costs.

In marble trout, given the necessity to disentangle the complexity of the Salmo genus
in Italy (Meraner and Gandolfi, 2017) as well as to improve the resolution and automation of
current screening methods used in supportive breeding, the primary aim was to produce a
cost-effective large-scale genotyping tool, namely a SNP panel for future use in a genotyping
array. Unlike for pike, individuals were sequenced at low coverage (3X) and reads were
consequently pooled together by sampling location. The experimental design in this case
favoured the exploration of allelic frequencies in a higher number of populations as opposed
to the investigation of the genomic landscape of individuals. In population genomics, this
approach is common because of the advantageous ratio between informativity and

sequencing costs (Ferretti, Ramos-Osins and Perez-Enciso, 2013).

106



5.5. Implications of the study and directions for future

research

Amidst the growing concern of anthropogenic threats to biodiversity, technological
advances have brought new hope to the field of conservation biology. In this study, |
generated millions of informative SNPs from whole genome sequencing data to be used in
genetic monitoring and supportive breeding practices for two key alpine species, marble
trout and Italian pike. My findings advance the understanding of genetic clusters within
Italian pike, which should be taken into consideration by national and regional wildlife
management protocols. Moreover, | provide novel insight into the genomic landscape of
Italian pike and potential species-specific molecular adaptations, emphasising the need to
preserve the adaptive potential of endemic species. Future investigation of the unique
adaptations within local genetic clusters will be beneficial for the acknowledgement and
protection of management units. In marble trout, | filtered and validated in silico a set of more
than 8 million high-quality SNPs for inclusion in a genotyping array aimed at assisting current
supportive breeding procedures. Switching from current microsatellite-based screening to a
SNP genotyping array would not only increase resolving power for hybrid detection but also
provide faster results, translating in less time in captivity, lower stress levels and higher
post-release survival rates in marble trout (Lucarda et al, 2007). Overall, the conservation of
both species will benefit from this study, though further monitoring efforts and phylogenetic

research are needed to ensure the long-term survival of these endemisms.
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