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NOVEL BIOINFORMATIC METHODS FOR THE METAGENOMIC ANALYSIS OF NON-IN-
VASIVE SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:
MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

ABSTRACT

The use of genomic methods has become an important tool in conservation programs for
endangered species. These methods have been used mainly to study population genomics,
but they have the potential to provide additional information, especially about the trophic
ecology and health of individuals and species. One promising way to expand conservation
genomics methodsistoanalyzefecal samplesusingmetagenomictechniques. Fecalsamples
can be collected with minimal disturbance to the animals, and they can provide important
insights into diet, gut microbiome, and pathogens. Combining these samples with modern
bioinformatic tools could help to learn critical aspects for the conservation of endangered
species. However, metagenomic analysis in non-model species is a major challenge due
to the lack of reference genome sequences or data limited to distantly related species.
Fresh fecal samples of the Iberian desman (Galemys pyrenaicus) were used to construct
metagenomic libraries, from which it was possible to analyze the overall composition of
the DNA present in the feces. Using endogenous nuclear DNA, population structure was
analyzed through Principal Components Analysis (PCA), while endogenous mitochondrial
genomes were also reconstructed. For the analysis of exogenous DNA of eukaryotic origin,
a novel bioinformatic method was developed that uses assembled consensus sequences
for mapping instead of individual reads, which allowed improving classifications using
various reference databases. This method facilitated the characterization of diet
composition and the identification of parasites. Additionally, it enabled the estimation of
relative abundances through depth of coverage. For the exogenous DNA of bacterial origin,
a specific method was developed to detect potentially pathogenic bacteria at the species
level from metagenomic sequences by mapping unassembled reads to complete reference
genomes. The approach used the breadth of coverage rather than the number of mapped
reads for species identification, thereby minimizing false positives due to conserved or
repetitive genomic regions. The analysis revealed the presence of 19 potentially pathogenic
bacterial species, with prevalences ranging from a single individual to 30% of the samples.
Desmans with elevated or altered pathogen loads were detected, suggesting differences
in individual health status or variations in exposure to environmental factors. Application
of this method across populations and over time for endangered species may provide
essential health and epidemiological information to improve conservation strategies.

Keywords: Metagenomics, Bioinformatics, Non-invasive samples, Galemys pyrenaicus
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Nous metodes bioinformatics per o
'analisi metagenomica de mostres
no invasives de I'especie en perill
d'extincio Galemys pyrenaicus :
monitoritzacio de lu genomica de
poblacions, ecologiai salut

RESUM

L'ds de metodes genomics s'ha convertit en una eina important en programes de
conservacié d'especies amenacades. Aquests metodes s'han utilitzat principalment per
estudiar la genomica de poblacions, pero tenen el potencial de proporcionar informacié
addicional, especialment sobre l'ecologia trofica i la salut dels individus i les espeécies.
Una manera prometedora d'expandir els métodes de gendomica de conservacio és analitzar
mostres fecals fent servir técniques metagendmiques. Les mostres fecals es poden recollir
amb una minima pertorbacié per als animals, i poden proporcionar informacié important
sobre la dieta, el microbioma intestinal i els patogens. La combinacié d'aquestes mostres
amb eines bioinformatiques modernes podria ajudar a aprendre aspectes critics per a la
conservacioé d'espéecies amenagades. No obstant aixd, I'analisi metagenomica en especies
no model és un repte important a causa de la manca de seqiiencies genomiques de
referéncia o de dades limitades a espécies distants. Es van utilitzar mostres fecals fresques
de I'almesquera (Galemys pyrenaicus) per construir biblioteques metagenomiques, a partir
de les quals es va poder analitzar la composicié general de I'ADN present en les femtes. Fent
servir ADN nuclear endogen, I'estructura poblacional es va analitzar a través de I'Analisi de
Components Principals (PCA), mentre que els genomes mitocondrials endogens també es
van reconstruir. Per a I'analisi de I'ADN exogen d'origen eucariota, es va desenvolupar un
nou metode bioinformatic que fa servir seqliéncies de consens assemblades per al mapejat
en lloc de lectures individuals, cosa que va permetre millorar les classificacions fent servir
diverses bases de dades de referéncia. Aquest metode va facilitar la caracteritzacio de
la composicié de la dieta i la identificacié de parasits. A més, va permetre |'estimacio
d'abundancies relatives a través de la profunditat de cobertura. Per a I'ADN exogen d'origen
bacteria, es va desenvolupar un metode especific per detectar bacteris potencialment
patogens a escala d'especie a partir de seqliencies metagendmiques, mitjangant el mapatge
de lectures no assemblades per completar genomes de referéncia. L'enfocament feia servir
I'amplitud de la cobertura en lloc del nombre de lectures mapades per a la identificacio
d'especies, minimitzant aixi falsos positius a causa de regions genomiques conservades
o repetitives. L'analisi va revelar la presencia de 19 especies bacterianes potencialment
patogenes, amb prevalences que van des d'un sol individu fins al 30% de les mostres.
Es van detectar almesqueres amb carregues de patogens elevades o alterades, suggerint
diferencies en I'estat de salut individual o variacions en I'exposicié a factors ambientals.
L'aplicacid d'aquest métode a través de les poblacions i amb el temps per a les espécies en
perill d'extincié pot proporcionar informacid essencial de salut i epidemiologia per millorar
les estrategies de conservacio.

Paraules clau: Metagenomica, Bioinformatica, Mostres no invasives, Galemys pyrenaicus
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Nuevos métodos hioinformticos
para el andlisis metagenomico de
muestras no invasivas de lu especie
en peligro de extincion Galemys
pyrenaicus::

monitorizacion de lu genomica
poblacional, la ecologia y la salud

RESUMEN

El uso de métodos gendmicos se ha convertido en una herramienta importante en los
programas de conservacion de especies en peligro de extincién. Estos métodos se han
utilizado principalmente para estudiar la genémica de poblaciones, pero tienen el potencial
de proporcionar informacidn adicional, especialmente sobre la ecologia tréfica y la salud
de individuos y especies. Una forma prometedora de ampliar los métodos de gendmica
para la conservacion es analizar muestras fecales utilizando técnicas metagendmicas. Las
muestras fecales pueden recolectarse con un minimo de perturbacién para los animales y
pueden aportar informacidn clave sobre la dieta, el microbioma intestinal y los patégenos.
Combinar estas muestras con herramientas bioinformaticas modernas podria ayudar
a obtener datos criticos para la conservacidon de especies en peligro. Sin embargo, el
analisis metagendmico en especies no modelo presenta un desafio importante debido a la
falta de secuencias de genomas de referencia o a datos limitados a especies lejanamente
relacionadas. Se utilizaron muestras fecales frescas del desman ibérico (Galemys pyrenaicus)
para construir bibliotecas metagendmicas, a partir de las cuales fue posible analizar la
composicién general del ADN presente en las heces. Mediante ADN nuclear endégeno, se
analizé la estructura poblacional a través de un Anélisis de Componentes Principales (PCA),
mientras que también se reconstruyeron genomas mitocondriales enddgenos. Para el andlisis
de ADN exdgeno de origen eucariota, se desarrollé un nuevo método bioinformatico que
utiliza secuencias consenso ensambladas en lugar de lecturas individuales para el mapeo,
lo que permitié mejorar las clasificaciones utilizando varias bases de datos de referencia.
Este método facilitd la caracterizacion de la composicion de la dieta y la identificacion
de parasitos, ademas de permitir la estimacion de abundancias relativas mediante la
profundidad de cobertura. Para el ADN exdgeno de origen bacteriano, se desarrollé un
método especifico para detectar bacterias potencialmente patédgenas a nivel de especie
a partir de secuencias metagendmicas, mediante el mapeo de lecturas no ensambladas a
genomas de referencia completos. Este enfoque utilizé la amplitud de cobertura en lugar
del nimero de lecturas mapeadas para la identificacion de especies, minimizando asi los
falsos positivos causados por regiones gendmicas conservadas o repetitivas. El analisis
reveld la presencia de 19 especies bacterianas potencialmente patégenas, con prevalencias
que iban desde un solo individuo hasta el 30 % de las muestras. Se detectaron desmanes
con cargas elevadas o alteradas de patdgenos, lo que sugiere diferencias en el estado de
salud individual o variaciones en la exposicién a factores ambientales. La aplicacion de
este método en diferentes poblaciones y a lo largo del tiempo para especies en peligro
puede proporcionar informacién esencial sobre salud y epidemiologia para mejorar las
estrategias de conservacion.

Palabras clave: Metagendmica, Bioinformatica, Muestras no invasivas, Galemys pyrenaicus
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NOVEL BIOINFORMATIC METHODS FOR THE METAGENOMIC ANALYSIS OF NON-IN-
VASIVE SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:
MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

Il.
INTRODUCTION

Biodiversity is increasingly threatened due to a variety of natural and anthropogenic
activities, such as habitat fragmentation and loss, overexploitation, environmental
pollution, and climate change (Kumar et al., 2022). Therefore, there is an urgent
need to implement effective strategies to conserve biodiversity, which is essential
for maintaining healthy ecosystems and meeting society's needs for sustainable
development (Diaz et al., 2015).

Numerous programs have been initiated worldwide for the conservation, protection, and
management of natural resources and wildlife. This involves biodiversity monitoring,
managing small populations of endangered species, restoring and enhancing the genetic
diversity of target species or populations, and supporting species adaptation to a changing
environment (Theissinger et al., 2023). In recent years, molecular and genomic techniques
have introduced a new set of tools for biodiversity conservation plans. These techniques
reveal genetic diversity and genetic variations at different levels—from populations to
species and ecosystems—, facilitate the reconstruction of phylogenetic relationships
to delineate species boundaries and enable the identification of ecological interactions
between organisms, among other critical aspects in conservation (Bernatchez et al., 2024;
Breed et al., 2019; Khan et al., 2016; Kumar et al., 2022).
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1. GENOMICS AND ITS APPLICATION IN CONSERVATION BIOLOGY

Over the past decade, advances in the field of genomics and high-throughput sequencing
technologies have been applied to the study of a wide variety of organisms, including
wildlife species. As a result, genomic approaches have become an important part of the
toolkit for understanding the fundamentals of wildlife biology and for helping to determine
management and conservation actions for wild populations and their habitats (Bernatchez
et al., 2024; Hohenlohe et al., 2021; Nielsen et al., 2023; Porter & Hajibabaei, 2018; Supple
& Shapiro, 2018; Theissinger et al., 2023).

Genomic applications can contribute significantly on two main fronts. On the one hand,
they are widely used in population genomics studies, where they allow for the identification
of individuals, conservation units, and species, describing kinship relationships, population
structure, and connectivity, as well as detecting hybridization and evaluating population
size changes (Formenti et al., 2022; Supple & Shapiro, 2018; Theissinger et al., 2023).
Additionally, given the close relationship between genetic diversity and the fitness of
individuals, as well as the adaptive potential of populations, these applications serve as a
foundation for planning conservation actions aimed at maximizing population persistence
in changing environments (Bertola et al., 2023). Currently, genomic approaches commonly
used in population genomics research focus on identifying variable positions (single
nucleotide polymorphisms, SNPs) distributed across the entire genome, based on genomic
data generated through reduced-representation sequencing (RRS) or whole-genome re-
sequencing (WGR) (Bertola et al., 2023). The increase in the number of markers used,
compared to traditional methods, significantly enhances the statistical power and resolution
of analyses. Genomic analyses also allow researchers to address new questions, such as
the detection of genes associated with important traits or fitness (Hohenlohe et al., 2021).

On the other hand, genomics has become an important tool in biodiversity monitoring studies
due to its potential to process large amounts of samples collected across time and space
(Porter & Hajibabaei, 2018). This allows, for example, the identification of an ecosystem's
taxonomic diversity, the mapping of ecological networks, the detection of invasive species, or
the assessment of species turnover during ecosystem restoration (Theissinger et al., 2023).
While methods such as DNA barcoding and metabarcoding are widely used in biomonitoring
(Bernatchez et al., 2024; Ruppert et al., 2019), there is a growing interest in employing genomic
tools in this context. In this regard, the application of metagenomic allows researchers to
study which organisms are present and what the genomic potential of a community is, based
on the sequencing of total DNA extracted from a complex sample, such as environmental
samples (Porter & Hajibabaei, 2018). However, this method is still primarily used in studies of
microbial communities, mainly due to the availability of reference genomes (Theissinger et
al., 2023). Nonetheless, some studies have begun to apply this method to the monitoring of
eukaryotic organisms (Curto et al., 2024).

The successful implementation of these methodologies depends on factors such as the
quantity and quality of the available biological material, proficiency in laboratory and
bioinformatics techniques, feasibility and costs, and the quality and quantity of reference
genomes available in databases (Theissinger et al., 2023).
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1.1 Reference genomes

Reference genomes, i.e., high-quality annotated assemblies, significantly enhance
genomic studies by providing an accurate representation of species' genome
structure and organization. By using these genomes as a guide, it is possible to
identify genetic variants, such as SNPs and structural variants (Formenti et al.,
2022). Additionally, reference genomes play a critical role in metagenomic studies,
facilitating the taxonomic and functional classification of DNA sequences ina sample
(Formenti et al., 2022). With advances in sequencing technologies, the number of
chromosome-level reference genomes has increased in recent years, covering a
wide range of species and establishing themselves as a key tool in conservation
genomics (Corominas et al., 2024; Lewin et al., 2018; Mc Cartney et al., 2024).

1.2 Whole-genome re-sequencing

The goal of whole-genome re-sequencing (WGR) is to compare genomic variability
among individuals or populations. This approach requires the availability of a
reference genome for mapping sequences and identifying variants. The genomic
DNA of each sample is fragmented to create a library, which is then sequenced
using high-throughput sequencing technologies. The resulting reads, obtained at a
given coverage, are aligned to the reference genome based on sequence similarity
(Fuentes-Pardo & Ruzzante, 2017).

The main limitation of whole-genome re-sequencing is the lack of a reference
genome for the species under study. While a closely related species' genome can
be used to align reads or generate a preliminary assembly, this approach requires
caution, as differences in genomic organization—such as variations in copy number
or structural variants—may exist even among closely related species (Hohenlohe
et al., 2021). Furthermore, using a reference genome from another species restricts
read mapping to conserved regions between taxa, potentially reducing the ability to
detect informative variation unique to the species of interest. Genomic differences
between taxa can also affect the accuracy of both read mapping and SNP
identification (Fuentes-Pardo & Ruzzante, 2017).

While high depth of coverage (>30X) per individual is considered necessary for
accurate genotype calling (Fuentes-Pardo & Ruzzante, 2017), approaches using
medium (5-20X) or low coverage (<5X) have proven to be cost-effective alternatives
(Lou et al., 2021). These approaches enable whole-genome information to be
obtained from a larger number of individuals with the same sequencing effort,
providing estimates of population parameters (Lou et al., 2021). At these coverage
levels, genotype calling at the individual level is generally avoided. Instead, methods
based on the calculation of genotype likelihoods per site, using sequencing data
from all individuals within probabilistic frameworks, are employed, such as ANGSD
(Korneliussen et al., 2014). These methods allow most population-level questions
to be addressed without requiring individual genotypes (Lou et al., 2021). Using this
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approach, Martchenko & Shafer (2023) achieved comparable population estimates
between WGR data from 35 samples at 9X and RADseq data from 254 individuals,
applied to the study of the North American mountain goat. Furthermore, it has been
employed in the study of historical and non-invasive samples with medium coverage
data ranging from approximately 3-12X (Alvarez-Estape et al., 2023; Sanchez-Barreiro
et al., 2021; Van Der Valk et al., 2019).

1.3. Reduced representation sequencing

In reduced representation sequencing approaches, a small fraction of the genome
is reproducibly sampled in each specimen. This can be achieved using restriction
endonucleases and size selection, asinrestriction site-associated DNA sequencing
(RADseq) (Davey et al., 2011) and related methods (Andrews et al., 2016). Among
these, a particularly popular approach is double-digest RAD sequencing (ddRAD)
(Peterson et al.,2012), in which DNA is simultaneously digested using two restriction
enzymes and ligated to specific adapters designed for the ends generated by each
enzyme, which contain a different barcode for each sample. The adapter-ligated
restriction fragments from all samples are pooled and subjected to size selection.
Subsequently, the same adapters provide binding sites for PCR primers, enabling
amplification of the fragments while also incorporating platform-specific adapters
required for sequencing. The combined use of double digestion and size selection
offers greater consistency and reproducibility, allowing the recovery of the same
genomic regions across individuals and improving SNP identification (Peterson et
al., 2012).

RADseq approaches provide data on thousands of SNPs distributed across the
genome, which are sufficient for population genomics analyses (Andrews et al.,
2016; Fuentes-Pardo & Ruzzante, 2017). Since reduced representation sequencing
methods do not require prior genomic information for the studied species to call
SNPs (reads can be assembled de novo), they have enabled the widespread use of
these methods in population genomics studies of non-model organisms. However,
the availability of reference genomes improves the inferences obtained from reduced
representation sequencing data, as it provides genomic coordinates for most SNPs,
facilitating the identification of linked loci, which is critical for many population
genetic inferences (Theissinger et al., 2023). The low cost of RADseq approaches
has allowed their application to large sample sizes, enabling the estimation of
genetic diversity, inbreeding, effective population size, population structure, gene
flow, phylogeographic patterns, and phylogenetic relationship (Balmori-de la Puente
et al., 2023; Burriel-Carranza et al., 2024; Escoda et al., 2017, 2019).

1.4. Metabarcoding

In DNA barcoding, universal or taxon-specific DNA loci are analyzed using PCR
primers that bind to conserved regions, followed by sequencing of the fragment and its
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classification against a reference database (Antil et al., 2023; Kress et al., 2015). DNA
metabarcoding, in turn, combines the principles of PCR-based barcoding with next-
generation sequencing (NGS) techniques, enabling the analysis of complex samples
containing mixtures of organisms (Deiner et al., 2017). This technique is essential
in the study of environmental DNA (eDNA), allowing for biodiversity assessment in
environmental samples such as water, sediments, air, or those emitted by living
organisms, including secretions and feces (Ruppert et al., 2019). Using these data,
the presence of species can be determined, such as detecting invasive invertebrate
species from water samples (Klymus et al., 2017), identifying terrestrial vertebrate
communities through airborne eDNA (Lynggaard et al., 2024), or determining diets
from fecal samples (Hawlitschek et al., 2018). However, the accuracy of genetic and
taxonomic diversity characterization using DNA barcoding and metabarcoding can be
limited by several factors, such as the inability to differentiate closely related taxa
that possess identical marker sequences, intraspecific variations across geographic
locations, and issues related to PCR amplification, such as the failure to amplify
markers when using universal primers (Johri et al., 2019; Theissinger et al., 2023).

1.5. Metagenomics

The shotgun metagenomics technique (or simply metagenomics) avoids the
development of specific markers for multiple species and the biases associated with
their selection and amplification. This approach involves randomly fragmenting the
genomic material extracted from a complex sample and sequencing the resulting
fragments using high-throughput sequencing technologies. This process generates
a sampling of sequences across the entire genome enabling an accurate estimation
of both the taxonomic and functional diversity present in the sample using reference
databases (Johri et al., 2019; Porter & Hajibabaei, 2018).

Traditionally, metagenomics has been employed to explore the composition of microbial
communities in diverse environments. Since its inception, shotgun metagenomic
sequencing has demonstrated its superiority over 16S ribosomal RNA (rRNA) gene
sequencing for analyzing microbial communities. Early applications, such as the analysis
of seawater from the Sargasso Sea (Venter et al.,2004) and human feces (Qin et al.,2010),
showcased its capacity to provide deeper insights into microbial diversity. Furthermore,
it has been proposed as a valuable tool for identifying non-culturable organisms that are
challenging to detect using traditional PCR-based methods (Handelsman, 2004).

All animals and plants contain an enormous diversity of microorganisms, living
inside or outside them, forming the microbiome. The microbiome plays a crucial role
in the host health (Huttenhower et al., 2012), contributing to nutrient acquisition,
reproduction, development and functioning of the immune system, responses to
pollutants, and environmental degradation, among other factors (Johri et al., 2019).
Environmental disturbances, changes in diet, or host health can alter the microbiome
composition and destabilize it, potentially leading to specific disease phenotypes
in the host (Janssens et al., 2018). Since shotgun metagenomics sequences all the
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DNA present, this method allows the recovery of both microbial DNA and host DNA.
Therefore, it provides a non-invasive alternative to access host and microbial genetic
material simultaneously (Johri et al., 2019).

Additionally, metagenomics offers the possibility of reconstructing metagenome-
associated genomes. However, its use requieres specific conditions such as adequate
sequencing depth, low taxonomic complexity in the sample, and small genome size
of the organisms (Papudeshi et al., 2017). This approach allows the description of
novel microbes, including those not cultivable (Parks et al., 2017).

A challenge in metagenomic studies is that, by analyzing entire genomic regions
instead of only phylogenetic markers, the number of taxa that can be confidently
identified may be limited. Additionally, taxonomic assignment of certain genome
regions can be biased toward organisms with available complete genomes in
databases, leading to potential false positives (Porter & Hajibabaei, 2018). For this
reason, this technique is primarily applied to the study of microbial communities,
which benefit from a broader availability of reference genomes, particularly for
known bacteria, archaea, and fungi (Theissinger et al., 2023). In contrast, many
genomic sequences from eukaryotes are not yet sequenced (Corominas et al., 2024;
Lewin et al., 2018; Mc Cartney et al., 2024). As the number of annotated genomes
in public databases increases, it will enable a more comprehensive characterization
of communities across broader taxonomic groups, facilitating the description and
monitoring of biodiversity from entire ecosystems.

2. NON-INVASIVE SAMPLES IN GENETIC AND GENOMIC MONITORING
OF WILDLIFE

The development of genomic methods, together with advances in massive sequencing
technologies, has proven to be a powerful tool for monitoring and studying wild species,
enabling key questions about ecology, evolution, and conservation to be addressed.
However, one of the main obstacles to its application lies in obtaining samples for DNA
extraction. This challenge is particularly critical in the case of rare, elusive, or endangered
animal species due to logistical, legal, and ethical restrictions that limit direct access to
individuals. In this context, the use of non-invasive samples (e.g., feces, hair, and feathers),
environmental samples (e.g., water, soil, and air), and archival samples (e.g., museum
specimens and subfossils) has emerged as a viable alternative (Andrews et al., 2018).

These samples allow genomic information to be obtained from species without the need to
capture, handle, or even directly observe them, reducing the impact on the studied species
and facilitating the collection of hard-to-access data (Beja-Pereira et al., 2009; Taberlet &
Luikart, 1999). Depending on the degree of contact involved, non-invasive samples can be
classified as strictly non-invasive (e.g., naturally shed feathers) or minimally invasive (e.g.,
buccal swabs or feces taken from captured specimens) (Carroll et al., 2018).
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The first studies utilizing non-invasive samples in wildlife research were conducted in 1992,
when mitochondrial DNA was successfully obtained and amplified from brown bear (Ursus
arctos) hairs (Taberlet & Bouvet, 1992) and feces (Hoss et al., 1992), as well as nuclear
DNA from chimpanzee (Pan troglodytes) hairs (Morin & Woodruff, 1992). Hoss et al. (1992)
also demonstrated for the first time the possibility of detecting dietary items in feces by
sequencing a fragment of the chloroplast rbcL gene.

Although the use of this type of sample presents significant challenges, mainly due to the
low concentration and quality of DNA, as well as the presence of contaminating exogenous
DNA (when it is not the target of the study), laboratory techniques and bioinformatic tools
have been developed and optimized to adapt to these types of samples (Beja-Pereira et al.,
2009; Carroll et al., 2018). In this way, its application has expanded to various approaches,
methodologies, and additionally sample types, including eggshells (Egloff et al., 2009), skin
swabs (Monteiro et al., 2014) and regurgitations, such as owl pellets (Balmori-de la Puente
et al., 2019), among others. Environmental samples as well as ancient materials from
biological archives, including fossils or museum specimens, have also been incorporated
(Leonard, 2008; Willerslev et al., 2009).

2.1. Feces

The sources of DNA in organisms can include tissues and liquid or solid waste
products. The quantity and quality of extracted DNA are influenced by the type of
material. Tissues with higher cell density (e.g., muscle, liver, blood) generally provide
DNA of superior quality and quantity. In contrast, those with lower cell density
(e.g., bone, hair, nails, scales, feathers) or waste products such as feces, which
contain shed intestinal epithelial cells, tend to yield lower amounts and are often
accompanied by some contamination or degradation (Bengtsson et al., 2012).

Feces are the mostcommon type of non-invasive sample, as they can be easily collected
during field surveys in large quantities and without the need to capture or observe
individuals. For example, it has been shown that feces allow for reliable population
size and density estimates through individual identification using microsatellite data,
providing results that are comparable and more cost-effective than those obtained
with traditional methods, such as camera traps for tigers (Panthera tigris) (Mondol et
al., 2009) or helicopter-based observations for brown bears (Ursus arctos) (Solberg et
al., 2006). Additionally, feces are considered a complex mixture of DNA from multiple
organisms, partially digested in the host animal's intestines and sometimes degraded
due to exposure to the external environment (Taberlet et al., 2018). As such, they have
the potential to provide information about both the host (endogenous DNA) and,
through exogenous DNA, its diet, parasites, and microbiome.

Fecal samples present significant methodological challenges, such as low DNA
quality and quantity, which lead to the retrieval of short fragments. This can result
in genotyping errors, including allelic dropout (the loss of one allele at a diploid
locus, resulting in a false homozygote), null alleles (undetected loci, leading to either

25



1. INTRODUCTION
2. NON-INVASIVE SAMPLES IN GENETIC AND GENOMIC MONITORING OF WILDLIFE
2.1. FECES

Figure 1
Iberian desman feces

false homozygotes or missing data), and false alleles

(Photo by Angel Fernandez-Gonzélez) (variations that are not true alleles) (Beja-Pereira et al.,
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2009; Carroll et al., 2018). Different DNA success rates
and associated errors have been observed depending on the storage method (Piggott
& Taylor, 2003), collection season, and fecal sample age (Piggott, 2004).

However, this type of sample has enabled the development of a wide variety of
studies across different taxa, primarily based on mitochondrial data and the
genotyping of microsatellite loci. For example, partial mitochondrial sequences of
the cytochrome b gene and the D-loop region have been used to determine the
presence and distribution of elusive species, such as the Iberian lynx (Lynx pardinus)
(Palomares et al., 2002). The same markers were employed in phylogeographic
analyses to elucidate the evolutionary history of the lberian desman (Galemys
pyrenaicus) using feces (Figure 1) (Igea et al., 2013), as shown later, and the
Cabrera’s water shrew (Neomys anomalus), to assess the spatial distribution of
its genetic diversity (Querejeta & Castresana, 2018). Additionally, the analysis of
microsatellite loci allowed the individual identification of desert bighorn sheep
(Ovis canadensis), as well as the estimation of nuclear genetic diversity and gene
flow, to evaluate the impact of human barriers on the conservation of this species
(Epps et al., 2005). In addition, metabarcoding has been widely used for studying
exogenous DNA presentin feces. This method has been applied to describe the diet
of a variety of taxa, including herbivores, carnivores, insectivores, and omnivores,
as well as to characterize the microbiome, primarily through comparative studies
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of microbial diversity across different conditions or habitats, focusing on its effect
on microbiome composition (Andrews et al., 2018).

NGS methods have enabled the construction of genomic libraries that attach
adapter sequences to the ends of DNA templates, providing binding sites for PCR
and sequencing primers. This facilitates the amplification and sequencing of millions
of sequences in a single reaction, maximizing the use of available DNA (Bengtsson
et al., 2012). This approach allows for the acquisition of genome-scale information
and helps overcome two key limitations of non-invasive samples, as it enables
the analysis of small quantities of fragmented DNA. However, when the target is
endogenous DNA, an additional challenge in fecal samples is the low availability of
host DNA, as most of the sequenced DNA may originate from exogenous sources.
For example, qPCR analyses showed that the proportion of endogenous DNA in
feces from western chimpanzees (Pan troglodytes verus) averaged 1.8% (range: 0.5—
5.2%) (Perry et al., 2010) and 2.04% (range: 0.19-8.37%) in yellow baboons (Papio
cynocephalus) (Snyder-Mackler et al., 2016).

Two strategies used to address these challenges with endogenous DNA are SNP
arrays and target enrichment methods. SNP array platforms, such as the Fluidigm
SNPtype assay, enable the genotyping of a set of known and validated SNPs using
fluorescence measurements, with a low error rate, and have been employed in
several wildlife monitoring studies, such as in grey wolves (Canis lupus) (Kraus et al.,
2015), brown bears (Ursus arctos) (Norman & Spong, 2015), and river otters (Lontra
canadensis) (Stetz et al., 2016). On the other hand, target enrichment methods aim to
increase the proportion of target DNA before sequencing using DNA or RNA probes.
For example, Perry et al. (2010) designed a DNA capture protocol with probes
targeting approximately 1.5. Mb of the nuclear genome, including regions of the X
chromosome and the complete mitochondrial genome of western chimpanzees (Pan
troglodytes verus), achieving sufficient read coverage for SNP identification and the
reconstruction of complete mitochondrial genomes. Similarly, (Snyder-Mackler et al.
(2016) developed a protocol based on RNA probes to capture host-specific DNA
at a genomic scale in wild baboons (P. cynocephalus and P. papio), successfully
increasing the proportion of endogenous DNA 40-fold.

Another strategy that avoids the development of probes (a costly, labor-intensive,
and time-consuming process) was developed by (Chiou & Bergey, 2018) under the
name FaecalSeq. This method utilizes differences in CpG methylation density
between vertebrate and bacterial genomes, employing a protein that selectively
binds to methylated DNA (host DNA) to isolate it. FaecalSeq was validated with
fecal samples from wild baboons (genus Papio), where it was demonstrated an
increase in the mean proportion of endogenous DNA from 0.3% (range: <0.01-
3.1%, measured by gPCR) to 28.8% (range: 1.56-73.6%, measured as the number of
reads mapped to the baboons genome). This method has the advantages of being
cost-effective and not requiring prior knowledge of the host genome. However, a
potential disadvantage is the co-enrichment of non-target DNA, such as dietary
DNA, although this aspect could also be exploited for specific dietary studies.
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A methylation-based DNA enrichment method based on FaecalSeq was used
to obtain genome-wide SNP data from ddRAD applied to fecal samples of the
jungle cat (Felis chaus) (Tyagi et al., 2022), as well as the gaur (Bos gaurus) and
sambar (Rusa unicolor) (Tyagi et al., 2024), to evaluate anthropogenic pressures on
population connectivity, providing valuable insights aimed at improving biodiversity
management.

In contrast, the difference in CpG methylation density has also been used to remove
host DNA when the goal is to study the associated microbial community (Feehery
et al., 2013). Although several methods have been developed to enrich samples with
limited microbial content, these procedures can introduce biases into sequencing
data (Quince et al., 2017). Given that the majority of DNA present in feces is
considered to be of bacterial origin (Qin et al., 2010), the most commonly used
approach in shotgun DNA sequencing with fecal samples is to filter endogenous
reads after sequencing through bioinformatic analyses by mapping them to the host
genome (Lu et al., 2022).

2.2.1. Metagenomics analyses from feces

Metagenomic shotgun sequencing offers significant advantages over targeted
methods (such as PCR-based metabarcoding), as it avoids PCR biases and
the lack of resolution associated with the use of a limited number of loci. By
sequencing all the DNA present in feces, it enables the identification of a
wide variety of taxa in a single sequencing run, including both enriched and
unenriched DNA, while also enabling sequence assembly (Andrews et al.,
2018). This approach has the potential to facilitate the exploration of questions
related to host population genetics, ecology, and health by analyzing DNA
from diverse sources (Figure 2).

The primary use of metagenomics in fecal samples so far has been to analyze
the composition of the gut microbiome, taking advantage of the abundance
of microbial DNA in feces, which allows for the taxonomic and functional
analysis of microbial communities (Akoijam & Joshi, 2022). This approach has
been used to investigate various aspects of host-microbiome interactions
and to evaluate host health status and responses to environmental stressors
(Wei et al., 2019). Similar to the applications of metabarcoding, numerous
studies have focused on differences between the microbiomes of animals
under different conditions and their implications for host health (Williams et
al., 2018). For example, Gibson et al. (2019), through metagenomic analysis
of feces, detected differences in the taxonomic and functional composition
of the microbiomes of wild and captive black rhinoceros, attributing these
differences to variations in diet and providing recommendations to improve
the welfare of captive animals.

On the other hand, metagenomics has been barely explored for studying
other sources of DNA present in the fecal samples, for instance, in diet
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Figure 2

Diagram of the analyses that can be performed
from shotgun metagenomics data obtained from
fresh fecal samples (Photo: fecal sample of G.
pyrenaicus, by José Castresana).
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characterization. This is mainly because
a great effort is required in both
sequencing and bioinformatic analysis,
as the standardization of pipelines for
result processing is still underdeveloped (Alberdi et al., 2019). Srivathsan
et al. (2015) conducted a pioneering study using both metabarcoding and
metagenomics to evaluate the diet of captive red-shanked doucs langurs
(Pygathrix nemaeus) from their feces, comparing the results with known diet
data. Metagenomics, through shotgun sequencing with multiple and longer
barcodes, achieved greater taxonomic resolution but failed to detect low-
abundance diet items. The authors suggested that increased sequencing
effort or a more comprehensive reference database with longer sequences
could enhance resolution. For instance, they demonstrated that, in some
cases, metagenomic reads were uniformly distributed across the chloroplast
genome, which could be improved if more complete chloroplast genomes
were available as references. Following this work, Srivathsan et al. (2016)
applied the same methodologies to fecal samples of banded leaf monkeys
(Presbytis femoralis) collected in the field, comparing the results with
observational data. They found a good agreement between both methods
and field observations, while once again demonstrating the higher taxonomic
resolution achieved with metagenomics. This time, they successfully
identified rare dietary items by increasing sequencing depth. In addition,
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metagenomics also enabled the reconstruction of complete mitochondrial
genomes of the host and the identification of some intestinal parasites.

In another example, (Chua et al., 2021) compared the identifications obtained
through metabarcoding and metagenomics using fecal samples from western
capercaillie (Tetrao urogallus), employing chloroplast and nuclear markers for
metagenomic identifications and a chloroplast marker for metabarcoding. In
this case, the methods did not show significant differences in the number
of taxa identified or in species-level resolution. However, they found
certain discrepancies between the detected items, mainly at more specific
taxonomic levels (genus, species), although in both cases the results aligned
with expected diet items. They highlighted, once again, the need for more
comprehensive reference databases, especially those representing local
species. While both methods proved effective for describing dietary profiles,
the greater potential of metagenomics lies in its ability to simultaneously
provide additional information about the host, as they were also able to
assemble the mitochondrial genomes of the capercaillie.

Some studies have used the potential of recovering mitochondrial genomes
from fecal samples. Ang et al. (2020) reconstructed the phylogeny of the
genus Presbytis (Asian colobines) using mitogenomes obtained from fecal
samples to delimit new species, which could have implications for updating
their conservation status, according to the authors. Similarly, Baeza (2022)
demonstrated the ability to de novo assemble the mitogenome of Panthera
tigris altaica (Amur tiger) from fecal samples, and through phylogenetic
analyses confirmed its capacity to distinguish between closely related species
within the genus Panthera, representing a useful tool for monitoring.

Recent studies on this topic have focused on analyzing the global DNA
content in fecal samples and testing the capacity of recovered endogenous
nuclear DNA to obtain genome-wide data for population-level analyses. Taylor
et al. (2022) carefully selected fecal samples from caribou (Rangifer tarandus)
for sequencing, prioritizing those with the highest DNA quantity and quality.
DNA was extracted from the mucosal layer of the fecal pellets to maximize the
likelihood of retaining intestinal epithelial cells. These high-quality samples
allowed the recovery of a significant proportion of nuclear endogenous DNA,
with a mean of 30.87% (range 5.81%-59.71%) of the reads mapped to the
reference genome, which represented values significantly higher than those
previously reported. These data enabled SNP calling and population genomic
analyses, including Principal Components Analysis (PCA), in combination with
tissue samples. Additionally, they performed taxonomic classification of the
reads. Fecal samples contained reads from green plants, SAR (Stramenopiles,
Alveolata, and Rhizaria), archaea, viruses, and other eukaryotes, with a
substantial proportion of unclassified reads, although the exact number was
not reported.
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On the other hand, de Flamingh et al. (2023) used shotgun libraries to analyze
the impact of the time elapsed between defecation and sample collection
(Oh, 24h, 48h, 72h) on the overall composition of feces from captive African
savanna elephants (Loxodonta africana), sampling the outside of the same
dung bolus. It was observed that, over time, total DNA decreased, along with
the proportion of endogenous DNA (both nuclear and mitochondrial) and
other taxonomic groups, except for bacteria, which increased. Additionally, the
number of unclassified reads also increased with time. They also quantified
the proportion of nuclear endogenous DNA in fresh feces from free-ranging
elephants by mapping the reads to the reference genome of the species,
recording a mean of 12.41% (range 5.54% to 21.65%) and generating low-
coverage genomic data sufficient to perform PCA analysis, in combination
with other samples from the same geographic location. They were also able
to reconstruct the mitochondrial genomes of L. africana. Furthermore, they
performed a metagenomic classification of the reads, identifying taxa that
included Loxodonta, green plants, fungi, arthropods, bacteria, archaea, and
viruses, with an average of 74% unclassified reads.

To the best of our knowledge, these studies represent the metagenomic
approaches developed with fecal samples from wild animals to date, where
microbiome analysis was not the primary objective. In all these studies, it
became clear that there is a large number of unidentified reads and therefore
large room for improving metagenomic pipelines and analyses. In this context,
the read classification methods developed in the first part of this thesis for
the identification of diet elements and parasites represent an innovative
advance to increase the quantity and quality of assignments. Furthermore,
the combined development of population analyses using nuclear and
mitochondrial endogenous DNA allows to maximize the utility of fecal samples
in conservation genomics studies.
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Metagenomic studies present several challenges, primarily due to the complexity and
volume of data generated, which complicates computational analyses. For instance, read
classification, that is, determining the genome from which a read originates, can be difficult.
Additionally, due to the diversity of genomes present and their relative abundance, not all
genomes may be fully and equally represented in the sequence dataset (Breitwieser et
al., 2019). Therefore, the vast amount and variety of genomic information sampled require
substantial data volumes to generate meaningful results, resulting in high computational
demands. Fortunately, significant advancements in computational software have been
made to address these challenges, improving the efficiency and accuracy of metagenomic
analyses, primarily developed for the characterization of microbial communities (Sharpton,

2014).
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3.1. Host DNA filtering

In addition to sequence quality controls, one of the first steps in metagenomic
analysis is the filtering of host DNA. If the host reference genome is available, a
commonly used method is the mapping of reads with short-read alignment programs
such as Bowtie2 (Langmead & Salzberg, 2012) or BWA-MEM (H. Li, 2013).

3.2. Assessing taxonomic diversity

One of the main approaches to characterizing microbial communities is analyzing their
diversity by determining which organisms are present (taxonomic classification) and
in what abundance (usually related to the number of assigned reads), and comparing
it with other communities. To achieve this, numerous computational approaches
have been developed for the taxonomic classification of metagenomic read pools,
which can be grouped into two main categories: reference-based methods and
assembly-based methods (Figure 3) (Breitwieser et al., 2019; Pinto & Bhatt, 2024).
These methods are not mutually exclusive and can often complement each other
(Blanco-Miguez et al., 2023). Moreover, although they were initially developed to
work with short-reads, their application with long-reads has been progressively
integrated.

3.2.1. Reference-based taxonomic profiling

Reference-based methods rely on matching reads to closely related
sequences in reference databases to identify the corresponding taxon for
each read. These databases can include both taxonomically informative
genetic markers and complete genomes. Initially, the most commonly used
method was BLAST (Altschul et al., 1990), which provides high sensitivity
and accuracy in taxonomic assignments (Breitwieser et al., 2019). This
approach was used, for instance, by Srivathsan et al. (2015, 2016) with
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databases of universal plant chloroplast barcodes (rbclL, matK, trnL-F,
and trnH-psbA) to determine the diet of colobines. Similarly, Chua et al.
(2021) used three chloroplast markers (rbcL, matK, and trnL-F) and two
nuclear markers (ITS1 and ITS2), commonly applied in plant identification,
to describe the Capercaillie diet. This method is feasible with limited
sequencing data. However, with the expansion of databases and the growth
of sequencing data for the samples, BLAST (Altschul et al., 1990) alignments
became computationally inefficient. This led to the development of other
metagenomic classifiers, which, while less sensitive than BLAST (Altschul
et al., 1990), address these challenges (Ye et al., 2019).

Tools designed to enhance speed and computational efficiency in sequence
classification typically employ three main approaches: the use of marker gene
databases, the application of k-mer-based methods, and the translation of
DNA sequences into proteins. For example, mOTUs (Sunagawa et al., 2013)
aligns reads against a reduced database of phylogenetically informative
universal markers using the HMMER (Eddy, 2011) aligner. MetaPhlAn
(Segata et al., 2012), on the other hand, employs a carefully curated
database containing thousands of unique clade-specific marker genes with
high discriminatory power, which are aligned using Bowtie2 (Langmead &
Salzberg, 2012). These methods enable faster alignments by reducing the
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size of the databases (compared to whole genomes) and provide accurate
assignments that offer a detailed view of microbial composition, even
allowing strain-level assignments (Quince et al., 2017). However, because
they rely on only a fraction of the reference genomes, these methods are
less sensitive for detecting low-abundance microorganisms compared
to approaches that utilize complete reference genomes in the database
(Pinto & Bhatt, 2024). Additionally, these methods are highly database-
dependent and are primarily used in environments where a significant
portion of microbial diversity is already well-characterized and represented
in databases (Quince et al., 2017).

K-mer-based methods enable the use of complete reference genomes by
replacing the alignment of reads with the search for matches between
k-mers, increasing speed and reducing computational workload (Breitwieser
et al., 2019). The first program developed with this approach was Kraken
(Wood & Salzberg, 2014), which remains one of the most widely used along
with its newer version, Kraken2 (Wood et al., 2019). This program stores
the k-mers from each reference sequence along with their species-level
taxonomic identifier. These k-mers are used to search for matches with
k-mers from metagenomic reads. When a match is found, the originating
read is assigned to the corresponding taxon using the lowest common
ancestor (LCA) criterion (Huson et al., 2007). That is, if a k-mer matches
more than one taxon, it is assigned to the lowest common level. In this way,
Kraken classifies reads into a taxonomic tree, enabling an analysis of the
global diversity in the sample. When the goal is to analyze the composition
at a given level, such as species or genus, Kraken is used in conjunction
with the Bracken (Lu et al., 2017) extension. This tool estimates species-
level abundances based on the number of reads assigned to each species
in the sample, enabling studies of alpha-diversity and beta-diversity (Lu et
al., 2022).

Kraken2 (Wood et al., 2019) was the method used by Taylor et al. (2022)
and (de Flamingh et al., 2023) to describe the global composition of caribou
and elephant feces, respectively, using a database available in the program's
repository. This database includes RefSeq sequences of archaea, bacteria,
plasmids, viruses, humans, fungi, plants, and protozoa, as well as the NCBI
non-redundant nucleotide database and UniVec_Core (NCBI database
of vector, adapter, linker, and primer sequences). They supplemented this
database with the corresponding host reference genomes.

Lastly, because protein sequences are more conserved than genomic
sequences, their comparison allows for the identification of similarities with
more distant taxa, improving sensitivity in cases where databases cover only
a fraction of the diversity present in the samples. Additionally, by focusing
exclusively on coding regions, the size of the databases is reduced, as well as
the redundancy of genomic sequences, which often lead to multiple equally

Il. INTRODUCTION

3. METHODS AND DATABASES IN METAGENOMIC ANALYSIS
3.2 ASSESSING TAXONOMIC DIVERSITY

valid alignments for the same read (Bagci, 2022). DIAMOND (Buchfink et
al., 2014) is one of the most widely used programs employing this approach,
aligning six-frame translations of reads against protein databases (e.g.,
the NCBI-nr database), similarly to BLASTX (Altschul et al., 1997), but
with greater speed. Taxonomic assignment is performed by selecting the
matches with the highest scores and using the LCA approach implemented
in MEGAN (Huson et al.,, 2007). Furthermore, the DIAMOND+MEGAN
combination enables functional classification by assigning each read to a
functional category using classification systems such as eggNOG (Powell et
al., 2012), among others (Bagci et al., 2021). Moreover, DIAMOND+MEGAN
allows working with both short reads and long reads (Bagci et al., 2021).

3.2.2. Assembly-based methods

The goal of these methods is to use reads to generate genomic assemblies
for each microorganism present in the sample (Breitwieser et al., 2019;
Pinto & Bhatt, 2024). This typically involves three steps: assembling the
reads to generate contigs, grouping contigs of the same origin (often called
"binning"), and evaluating quality. De novo metagenomic assembly is similar
to single-genome assembly, as it also uses the de Bruijn graph approach.
However, metagenomic assembly presents specific challenges, such as
variations in genome coverage depth depending on the different abundances
in the sample, and the presence of closely related genomes, which can be
exacerbated by the complexity of the sample (Quince et al., 2017).

Specific metagenome assemblers were developed to address these
challenges, such as metaSPAdes (Nurk et al., 2017), MEGAHIT (D. Li et al.,
2015), and MetaVelvet (Namiki et al., 2012). Since metagenomic assemblies
are highly fragmented, they produce thousands of contigs that are then
grouped to form metagenome-assembled genomes. Binning can be
performed through taxonomic classification, using some of the methods
described earlier, or based on features such as tetranucleotide frequencies or
depth coverage profiles across multiple samples, using tools like CONCOCT
(Alneberg et al., 2014). Finally, one of the most widely used tools for quality
control is CheckM (Parks et al., 2015), which assesses the completeness
of the assembled genome and contamination with foreign DNA. Although
these assemblers primarily use Illumina sequencing reads due to their lower
error rate, some metagenomic assemblers, such as metaFlye (Kolmogorov et
al., 2020) and hifiasm-meta (Feng et al., 2022), have been developed to work
with long-reads (Pacific Biosciences or Oxford Nanopore), showing good
results thanks to the generation of more contiguous assemblies.

Metagenomic assemblies have mainly contributed to the recovery of
microbial genomes from uncultured or non-isolated organisms and from
previously unexplored ecological niches, enabling the discovery of new
organisms (Pinto & Bhatt, 2024).
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3.2.3. Methods for species-level pathogen identification

The approaches presented previously are mainly used for microbial profiling,
aiming to perform analyses related to relative abundances. However, it
is important to consider their accuracy and limitations when it comes to
identifications at lower levels, such as species or strain. This is especially
critical when the goal is the identification of pathogenic species, which require
stricter criteria.

LCA-based methods classify the largest possible number of reads by
assigning the common taxon for ambiguous reads. In this way, they achieve
high accuracy at higher taxonomic levels, such as phylum and family (Francis
et al., 2013). However, reads that are assigned at the species level have a high
potential for false positives, mainly due to misclassifications in low-complexity
regions or highly conserved regions. This issue is particularly pronounced in
k-mer-based methods, as they do not provide detailed information about the
exact matching site (Pinto & Bhatt, 2024).

Marker-based methods, such as MetaPhlAn (Segata et al., 2012) and its
strain-level adaptation, StrainPhlAn (Truong et al., 2017), achieve higher
resolution at the species and strain levels. However, they have the drawback
of requiring greater sequencing depth (10X or more) to detect low-abundance
organisms compared to whole-genome mapping methods (Yan et al., 2020).
Additionally, the databases used by these methods do not adequately cover
poorly or unexplored environments (Blanco-Miguez et al., 2023). On the other
hand, assembly-based methods also enable precise species- and strain-level
identification but require even higher sequencing depth (often on the order of
50-100X of the targeted genome) and significantly more computational effort
(Pinto & Bhatt, 2024; Schatz et al., 2010).

Pipelines based on aligning reads to complete reference genomes circumvent
many of these problems. For instance, to validate the classification performed
by Kraken2 (Wood et al., 2019), the classified reads are mapped to a specific
species’ reference genome using Bowtie2 (Langmead & Salzberg, 2012),
assessing alignment quality based on coverage distribution across the entire
genome (Lu et al., 2022). Additionally, other pipelines have been specifically
designed to detect pathogenic species in clinical applications. These include
PathoScope (Francis et al., 2013; Hong et al., 2014) and SURPI (Gu et al,,
2021; Naccache et al., 2014), which use read mapping to reference genome
databases as their main engine, employing the Bowtie2 (Langmead & Salzberg,
2012) and SNAP (Zaharia et al., 2011) aligners, respectively. Additionally,
some mapping-based pipelines have been developed for long reads, such
as MetaMaps (Dilthey et al., 2019) and NanoMap (Hall et al., 2020). Mapping
methods are optimized for speed in whole genome analysis, which can only
be achieved by mapping reads to the genomes of the same or very closely
related species. These methods also calculate a mapping quality (MAPQ)
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score (Langmead, 2017; H. Li et al., 2008), which reflects the probability that
a read is aligned to the correct position in the reference genome, taking into
account the difference between the highest-scoring alignment position and
all other possible positions. For example, a read originating from a repetitive
element will align equally well to every location where the element is present
in the genome; therefore, its MAPQ score will be low (Langmead, 2017).
Consequently, MAPQ serves to select only informative reads and also acts
as a proxy for the confidence that the read truly originates from the genome
of the species used for mapping. Due to these characteristics, and although
mapping methods were not initially developed for species identification, they
have proven to be very useful for this purpose due to their efficiency and
accuracy in aligning reads to specific reference genomes.

Despite significant progress in methods targeting exact species classification
of pathogens and parasites in human health applications, there remains a
notable gap in applying these techniques to non-model species, mainly due
to the need of complete genomes of the exact or closely related species
in databases. However, the increasing number of complete genomes now
supports their broader use (O’Leary et al., 2016). Developing methods to obtain
accurate genomic information about pathogens from the feces of endangered
species is imperative for enhancing pathogen surveillance and help protect
vulnerable populations (ENETWILD-consortium et al., 2023).

In this thesis, a new method for identifying pathogenic bacterial species from
metagenomic fecal data of a non-model species is developed and tested.
It is based on the mapping of unassembled reads to bacterial reference
genomes, and the selection of the best alignment quality criteria for species
identification. This method can be employed for monitoring pathogenic
microbes in endangered wild species.

3.3. Databases resources

Almost all the described methods rely, to a greater or lesser extent, on databases
of sequences or complete genomes taxonomically identified. The accuracy and
representation of these databases critically influence metagenomic analyses (Wright
et al., 2023; Xu et al., 2023), and therefore, the availability of reference databases
with the widest possible biodiversity coverage is highly necessary.

The most commonly used databases are those provided by the NCBI (National
Center for Biotechnology Information of the USA) (Sayers et al., 2021), including
GenBank (Sayers et al., 2019), the nucleic acid sequence database. GenBank includes
sequences submitted by authors and data exchanged with the EMBL-EBI European
Nucleotide Archive (ENA) and the DNA Data Bank of Japan (DDBJ), as part of the
International Nucleotide Sequence Database Collaboration (INSDC). This ensures
that the information is uniform and available worldwide. GenBank is accessible
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through the NCBI nucleotide database, along with sequences from RefSeq (Goldfarb
et al., 2024), TPA (Third Party Annotation), and PDB (Protein Data Bank), linking each
sequence to related information such as taxonomy, genomes, protein sequences
and structures, and literature from PubMed (Sayers et al., 2019).

RefSeq contains curated non-redundant sequences of organelles, plasmids,
targeted loci, and annotated genomes of eukaryotes, viruses and, to a greater extent,
prokaryotes. These genomes are selected from the INSDC database and then curated
and annotated using a specific pipeline (Goldfarb et al., 2024). For eukaryotes and
bacteria, the NCBI selects one RefSeq genome per species and designates it as
the "reference genome". These sequences, along with other whole genomes from
GenBank, are available in NCBI Datasets (previously known as NCBI Genome and
NCBI Assembly) (Sayers et al., 2024). Additionally, the NCBI Pathogen Detection
Project integrates sequence data of pathogenic bacteria (Sayers et al., 2021).

To complement these resources, NCBI Taxonomy (Schoch et al., 2020a) includes
organism names and taxonomic classifications for every sequence in its databases,
which are shared with the INSDC. NCBI Taxonomy consists of a hierarchical system
covering all domains of life, assigning each node a name, according to nomenclature
codes, and a unique taxonomic identifier (Taxld). This enables access to all
sequences of a specific taxon across all NCBI resources. Currently, NCBI Taxonomy
can be accessed via NCBI Datasets Taxonomy (Cox et al., 2024).

Other available databases mainly contain high-quality DNA sequences of
taxonomically classified genes. These standardized DNA loci, commonly known as
DNA barcodes or DNA markers, have sufficient variability to theoretically provide
species-level resolution (Porter & Hajibabaei, 2020). Since the species-resolving
power and taxonomic coverage vary depending on the organisms under study,
different marker genes are used for different groups (Creer et al., 2016).

The SILVA (Quast et al., 2013), Greengenes (McDonald et al., 2012), and RDP (Ribosomal
Database Project) (Wang & Cole, 2024) databases provide 16S rRNA gene sequences
(small subunit rRNA gene (SSU)), which are commonly used for studying prokaryotic
diversity (Balvociute & Huson, 2017). In Bacteria, this gene contains nine hypervariable
regions (V1-V9), of which the V2 and V3 regions offer the highest resolution for identifying
lower-level taxa, such as species and genus (Bukin et al., 2019).

SILVA also provides sequences of the 23S rRNA gene (large subunit, LSU) for Bacteria
and Archaea, and the nuclear 18S and 28S genes (SSU and LSU, respectively) for
Eukarya (Quast et al., 2013). The 18S rRNA gene consists of nine highly variable
regions (V1-V9) interspersed with conserved regions, among which the V2, V4, and
V9 regions have been shown to be the most variable and suitable for biodiversity
analyses in eukaryotes (Hadziavdic et al., 2014; Wu et al., 2015). However, its use has
been primarily for the identification of protists, with varying degrees of resolution
depending on the region used (Antil et al., 2023), as well as in nematodes and
unicellular fungi (Tedersoo et al., 2024).
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On the other hand, the 28S rRNA gene has a higher evolutionary rate than the 18S
gene, providing greater discriminatory power for closely related taxa (Antil et al.,
2023). This gene contains 12 variable regions (D1-D12), among which the D1-D2 and
D1-D5 regions have demonstrated resolution power between closely related species
in protists (Antil et al., 2023; Wylezich et al., 2010). The D1-D2 region has also been
proposed as a marker region for species-level identification in metazoans, based on
its evaluation in closely related fish species (Sonnenberg et al., 2007). Additionally,
the D3 region showed interspecific variation among members of Acari (Lehmitz &
Decker, 2017; Mclain et al., 2001).

Another widely used database is BOLD (Barcode of Life Data System) (Ratnasingham
& Hebert, 2007), which mainly contains fragments of the mitochondrial cytochrome
c oxidase | (COIl) gene from metazoans. It additionally contains barcodes from other
genes, such as the nuclear ITS (Internal Transcribed Spacer) gene for fungi and
plants, and the chloroplastic markers matK (maturase K) and rbcL (large subunit of
ribulose 1,5-bisphosphate carboxylase) also for plants, among others. The COI gene
have been proposed as the core for species-level identification in animals (Hebert
et al., 2003), and are well represented in both BOLD and NCBI. However, these two
databases use different classification systems and taxonomic identifiers (TaxID),
which makes it difficult to generate a unified database from these sources (Meglécz,
2023).

Because the mitochondrial genome evolves at higher rates than the nuclear genome
(Antil et al., 2023), mitochondrial sequences are more informative for differentiating
between closely related species. For this reason, in addition to COI, other genes
such as ND5 (the mitochondrial gene encoding NADH:Ubiquinone Oxidoreductase
Core Subunit 5) and COIl have been proposed as barcodes, among others (Antil et
al., 2023). Likewise, the use of complete mitochondrial genomes obtained through
mitochondrial metagenomics has also been suggested (Crampton-Platt et al., 2016).

Databases are a fundamental tool for metagenomic studies, and issues in reference
sequences can lead to errors in taxonomic assignments. Some common problems
found in reference sequences include incorrect taxonomic labelling, the presence of
contaminationsinthe sequence (e.g.,inclusion of vector or viral sequences or chimeric
sequences), low-complexity sequences, fragmented or incomplete sequences,
and uneven taxonomic representation, with some groups being underrepresented
and others overrepresented, that make database searches problematic (Chorlton,
2024). This highlights the need for better curation of databases, as well as for more
reference sequences and high-quality complete genomes across the entire tree of
life (Corominas et al., 2024; Lewin et al., 2018; Mc Cartney et al., 2024).
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4. THE IBERIAN DESMAN (Galemys pyrenaicus)

The Iberian desman or Pyrenean desman (Galemys pyrenaicus) (E. Geoffroy St. Hilaire,
1811) (Figure 4) is a small semiaquatic insectivore mammal endemic to the Iberian Peninsula
and the Pyrenees, belonging to the order Eulipotyphla, family Talpidae, and subfamily
Desmaninae. This subfamily, characterized by its aquatic adaptations, currently contains
only two species from monotypic genera: G. pyrenaicus and the Russian desman (Desmana
moschata), which is distributed in an area north of the Black and Caspian seas, in Eastern
Europe (Palmeirim & Hoffmann, 1993).

Figure 4. The berian desman (Photo by Joxerra Aihartza, from Esnaola et al., 2018).
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4.1. Morphology adapted to aquatic habitats

G. pyrenaicus is a very small animal, with an average head and body length of
120.5 mm (108-135 mm) and a tail length of 146.9 mm (123-156 mm), giving a total
average length of 267.4 mm. Its average body weight is 57.75 g, with a range of 35.5
g to 80 g (Palmeirim & Hoffmann, 1993). It possesses unique characteristics due
to its specialized adaptation to aquatic habitats. It has a conical head with a long,
flexible snout flanked by vibrissae, which are used to capture prey on the riverbed. A
tracheal adaptation separates the digestive tract from the respiratory tract, allowing
it to ingest prey underwater. Its eyes are small, and it lacks visible ear pinnae, further
highlighting its adaptation to underwater life (Nores, 2017; Palmeirim & Hoffmann,
1993). Its limbs are highly specialized for swimming. The forelimbs are small with
short interdigital membranes, while the hindlimbs are much larger and longer,
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equipped with wide interdigital membranes. This allows the animal to move swiftly
through the water, aided by its long, thick tail. The tail is covered with sparse, stiff
hair that reveals scaly skin underneath, providing additional propulsion in aquatic
environments (Palmeirim & Hoffmann, 1993). As for its fur, the guard hairs, roughly
twice as long as the underhairs, are greatly enlarged distally, a characteristic shared
with other aquatic mammals. This unique fur structure effectively insulates the
animal from water, ensuring it can maintain body temperature while swimming and
diving in its aquatic habitat. (Nores, 2017; Palmeirim & Hoffmann, 1993).

4.2, Sexual characters, sex identification and reproduction

The Iberian desman does not present evident sexual dimorphism, which is common
among talpids (Nores, 2017; Palmeirim & Hoffmann, 1993). It is difficult to determine
the sex of individuals because both sexes possess similar peniform external genitalia.
Males have intra-abdominal testes, and females exhibit masculinized external genitalia,
with the urinary papilla having an internal structure similar to the penis of young males
(Peyre, 1955). Additionally, females have an open vagina only for a brief period during
the breeding season, which facilitates sex identification at that time, when a change
in vaginal pigmentation also occurs (Richard, 1986). Another characteristic used for
sex identification is the rigidity of the pelvic arch, which can be assessed by palpation.
In females, this arch starts as cartilaginous, with a slight central groove that widens
with age, eventually becoming a connective ligament in adult females due to a process
of osteolysis. In contrast, in males, the cartilaginous arch fully ossifies, becoming
a hard structure in adults (Peyre, 1957). However, this difference is not helpful for
distinguishing immature specimens. Additionally, Gonzalez-Esteban et al. (2003)
reported the possibility of identifying sex by eversion and observation of the external
genitalia after applying slight pressure on the urinary papilla.

More recently, molecular methods for sex determination of the Iberian desman have
been established. Vidal et al. (2010) developed a method based on PCR amplification
of two regions belonging to intron 8 of the DEAD Box X isoform (DBX) and DEAD Box
Y isoform (DBY) genes, differentiating them by size using capillary electrophoresis.
This method was used for sex determination based on DNA obtained mainly from
tissue and hair samples. On the other hand, Querejeta et al. (2016) developed a sex
determination method using ddRAD-seq sequences from tissue samples. Initially,
the sex of some individuals was determined by qPCR, amplifying a fragment linked
to the Y chromosome. Subsequently, from the ddRAD sequences, they identified 49
Y-linked loci in the males sexed by gPCR, and these loci were used as a reference
for aligning the ddRAD sequences through BLAST searches in the rest of the
individuals. Very stringent alignment criteria (evalue = 1e-74) were used to avoid
detecting duplicates on the X chromosome.

Regardingreproduction,the mating period lasts from Januaryto May. Spermatogenesis
in males begins in November and continues until May, while estrus in females

extends from January to May, with three reproductive peaks in February, March, and
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May. The gestation period is approximately 30 days, which allows females to have
postpartum estrus, meaning that lactating females can become pregnant again.
This contributes to the possibility of having several litters per season. The number
of embryos per female ranges from 1 to 5, with an average of 4 (Peyre, 1962). The
offspring are born between April and August (Richard, 1962) and reach maturity in
their second year (Peyre, 1962).

4.3. Distribution

The Iberian desman is endemic to the Iberian Peninsula, with a distribution that includes
France, Andorra, northern and central Spain, and northern Portugal. Its populations are
distributed in a fragmented and discontinuous manner across mountainous systems,
from the Pyrenees, through the Cantabrian Arc, Galicia, northern Portugal, the Central
System, and the lberian System (Figure 5) (Quaglietta et al., 2024).

Figure 5. Distribution of the Iberian desman according to the IUCN red list (from Quaglietta et al. (2024)).

4.4, Evolutionary history and phylogeographic structure

The current distribution of G. pyrenaicus is linked to its evolutionary history
and the marked phylogeographic structure of its populations, which reflect
a postglacial expansion scenario following isolation in glacial refugia
(Figure 6). This was demonstrated through the analysis of mitochondrial genes
(cytochrome b and D-loop), using non-invasive samples (feces, tissues from
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Cantabrian Mount.

biological collections, and bones
from museum specimens) by Igea et
al. (2013). The mitochondrial gene
phylogenyidentified two main clades,
A and B, each further subdivided
into two subclades: A1, A2, and
B1, B2 (Figure 6a). This resulted
in  four mitochondrial lineages,
whose distribution is linked to their
geographic location and exhibits a
parapatric distribution pattern. Two
contact zones between lineages
were identified: one between Al and
B1, and another between A2 and
B1, though no evidence of genetic
mixing was observed between them,
at least at the mitochondrial level,
which reflects exclusively maternal
inheritance (Igea et al., 2013).

A further study, based on nuclear
SNP  data obtained through

Pyrenees

e ® . e . .
';L;“’ b ,b l“ ddRAD, identified five  main
S erian Range . . .
clusters or evolutionary significant
€  Cenalsystem units with low levels of genetic
e admixture between them, which
largely corresponded to the major
Figure 6. Phylogeography of the Iberian desman. a) Distribution of mountain systems: Pyrenees,

the four identified mitochondrial lineages. b) Historical distribution
of the species (in gray), current distribution of the mitochondrial
lineages (in colors), and hypothetical locations of glacial refugia
(dotted circles) (from Igea et al. (2013)). c) Distribution of the five
nuclear clusters, with admixture proportions for each individual
determined through a structure analysis with K=5. (from Querejeta

et al. (2016)).

Cantabrian Mountains, Occident,
Central System, and Iberian Range
(Figure 6¢) (Querejeta et al., 2016).
While the results largely aligned with
the mitochondrial clades described
previously, some discrepancies were observed. Notably, in the Iberian Range,
the two mitochondrial clades detected by Igea et al. (2013) were grouped into a
single genomic nuclear cluster. Another discrepancy was found in the Central
System, where haplotypes from this area grouped with those of the Iberian Range
(forming part of clade A2), whereas nuclear phylogeography defines a clearly
distinct cluster for this region. These results underscore the importance of
conducting genomic analyses to achieve a more comprehensive understanding
of species' evolutionary history.

In terms of genetic diversity, Igea et al. (2013) reported a globally low
mitochondrial genetic diversity, with a nucleotide diversity (m) value of 0.0073,
which is four times lower than the average reported for mammals (Nabholz et al.,
2008). Additionally, significant differences were observed among lineages, with
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Figure 7. Genetic diversity of the Iberian desman. a) Map of
mitochondrial nucleotide diversity (1) (from Igea et al. (2013)).
b) Nuclear heterozygosity rates (from Querejeta et al. (2016)).

4.4 EVOLUTIONARY HISTORY AND PHYLOGEOGRAPHIC STRUCTURE
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genetic structure of the Iberian
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o
Bse @ o)) desman is strongly influenced
s @ Iberian Range by the history of Pleistocene
glaciations. A similar pattern
@ Central System f .
& was found by Querejeta

et al. (2016), who studied
heterozygosity using nuclear
genomic data, reporting higher
values for individuals from the
western region (maximum:
0.000488) and a progressive decline towards the Pyrenees, where an extremely
low value of 0.000013 was recorded (Figure 7b). These values yield an average
of 0.000246, corresponding to 246 heterozygous positions per million bases,
which represents one of the lowest heterozygosity rates reported in mammals
(Querejeta et al., 2016).

These data were recently assessed through the sequencing (121X) and re-
sequencing (10.3X-33.3X) of the complete genome of G. pyrenaicus using
shotgun libraries (Escoda & Castresana, 2021). This study confirmed the
evolutionary significant units previously delineated. Additionally, a wide range of
heterozygosity rates was detected among different populations, with a maximum
of 459 SNPs/Mb in a specimen from the western distribution and a minimum of
12 SNPs/Mb in an individual from the Eastern Pyrenees, which represents the
lowest heterozygosity rate recorded in mammals as of the date of the study. The
individual from the Central System also exhibited one of the lowest recorded
values, with 116 SNPs/Mb. The differences in heterozygosity rates among
populations reflect distinct evolutionary histories, as observed in PSMC plots,
within a general trend of population decrease (Figure 8). These reveal significant
fluctuations in effective population size and divergent demographic trajectories
among populations, characterized by bottlenecks and population expansions.
These dynamics partly explain the reduction in genetic diversity observed
(Escoda & Castresana, 2021). Finally, most individuals showed a high proportion
of long ROHs, indicative of recent inbreeding (Escoda & Castresana, 2021). This
phenomenon is linked to the Iberian desman’s limited dispersal ability and the
presence of natural and artificial barriers that impede population connectivity,
leading to isolation and elevated inbreeding levels (Escoda et al., 2017, 2019).
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4.5. Current Conservation Status

The main threats to this species are habitat degradation and fragmentation, including
the modification of natural river courses and banks, the construction of dams and
reservoirs, the deterioration of the benthos, and water pollution (Nores, 2017). These
factors have caused a widespread and sustained decline in its populations in recent
years. In Spain, its occurrence is estimated to have decreased by 87% over the last
30 years. In Andorra, a 70% reduction has been recorded compared to 24 years ago.
Additionally, its distribution has shrunk by 60% in the past two decades in northern
Portugal and the French Pyrenees (Quaglietta et al., 2024). The most dramatic
decline has occurred in the population of the Central System, where a 97% reduction
was recorded in 2014, evidencing a process that began around the 1960s. This
significant regression is mainly attributed to the fragmentation of subpopulations,
the deterioration of water quality, and the introduction of the invasive American mink
(Neovison vison), which preys on the species (Gisbert & Garcia-Perea, 2014).

Various conservation programs have been implemented across the species' entire
distribution range. Of particular relevance were the six LIFE programs developed:
LIFE Conhecimento e Gestdo do Patriménio Natural (Portugal, 1994-1997), LIFE+
MARGALULLA - LIFE 09 NAT/ES/000514 (Galicia, 2010-2016), LIFE DESMANIA -
LIFE11 NAT/ES/000691 (Castilla y Ledn + Extremadura, 2012-2018), LIFE IREKIBAI -
LIFE 14 NAT/ES/000186 (Navarra, 2015-2020), LIFE MEDWETRIVERS - LIFE11 NAT/
ES/000699 (Castillay Ledn, 2012-2018), and LIFE+ Desman - LIFE 13 NAT/FR/000092
(France,2014-2020), which are a European Union funding instrument for environmental
support, nature conservation, and climate action projects. Currently, the Iberian
desman is strictly protected under the Bern Convention and the EU Habitats and
Species Directive, and it benefits from national protection laws in all four countries
where it is distributed. In Spain and France, it is classified as Vulnerable, except for
the population in the Spanish Central System, which is categorized as Endangered. In
Portugal, it is also classified as Endangered, while in Andorra its status was recently
updated to Critically Endangered (Quaglietta et al., 2024). Among the actions proposed
in Spain to prevent the extinction of the desman, in addition to habitat improvement,
translocations (population reinforcement and reintroduction) have been proposed
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alongside captive breeding programs (Gisbert et al., 2024), for which genomic tools
are essential to understand population genetic characteristics, kinship relationships,
as well as aspects of their diet and the pathogens affecting them. Additionally, the
species has been proposed to be classified as Endangered at the national level in
Spain and as Critically Endangered for the populations in the Central System and the
Iberian System (Gisbert et al., 2024).

4.6. Habitat and trophic ecology

The Iberian desman inhabits mountain rivers and streams with cold, clean, and well-
oxygenated waters, characterized by a constant flow throughout the year (Nores, 2017;
Peyre, 1956) (Figure 9). For this reason, it is mainly found in areas with significant
snow cover in the headwaters of rivers, which guarantees a regular flow. It is absent in
basins with seasonal droughts and pluvial regimes, which explains its preference for
oceanic climates over Mediterranean ones (Aymerich & Gosalvez, 2002). Its presence
is not so much determined by altitude (it can be found from sea level to altitudes above
2,500 meters) as by the slope of the rivers, their depth (shallow to moderate), and the
high-water flow (Charbonnel et al., 2015; Esnaola, Gonzalez-Esteban, et al., 2018). A
key element of its habitat is the availability of suitable shelters, such as crevices and

Figure 10. Examples of some components of the diet of the
Iberian desman and other aquatic invertebrates commonly
found in freshwater ecosystems of Europe: a) Trichoptera
(Potamophylax nigricornis larva), b) Ephemeroptera (Ephemera
danica larva), c) Plecoptera (Isoperla sp. larva), d) Coleoptera
(Dytiscidae larva), e) Diptera (Pediciidae larva), f) Megaloptera of insect larvae and small

According to (Peyre, 1956), another
key requirement for the presence
of G. pyrenaicus is the abundance

(Sialis sp. larva), g) Odonata (Platycnemidae larva), h)
Crustacea (Gammarus sp.), i) Gastropoda (Ancylus fluviatilis),
j) Bivalvia (Dreissena polymorpha), k) Oligochaeta (Tubifex
sp.), ) Planaria (Polycelis nigra) (from Kriska (2023)).

crustaceans, which make up its
main food source (Figure 10). In an

holes among stones and roots along stream banks. Additionally, it selects rivers with
a high presence of rocks and a scarcity of fine sediment (Nores, 2017). Due to its wide
altitudinal range, the environments inhabited by this species include a great diversity
of riparian and surrounding vegetation (Palmeirim & Hoffmann, 1993).

analysis of stomach contents from
individuals captured in the eastern
Pyrenees, Peyre observed primarily benthic macroinvertebrate larvae from the orders
Trichoptera and Plecoptera, crustaceans from the genus Gammarus, and terrestrial

insects, which the animal likely captured on the banks of streams. On the other hand,
Castién & Gosalbez (1995) conducted a detailed study of the digestive tracts of 46
specimens from the western end of the Pyrenees and compared the results with the
availability of prey in the aquatic environment throughout the year. These authors
concluded that the majority of the desman's diet was composed of aquatic prey. In
terms of the number of prey items found, 49.6% were Ephemeroptera larvae, 23.1%
were Trichoptera larvae, 13.3% were Diptera larvae, and 9% were Plecoptera larvae.
The rest of the diet included less abundant prey such as Oligochaeta, Gastropoda,
Chilopoda, Opiliones, larvae and adults of Coleoptera, adult Diptera, Amphipoda,
and trout (Salmo trutta) eggs.

Regarding seasonality, Ephemeroptera and Trichoptera larvae represented the
largest proportion of the diet throughout the year, although Plecoptera larvae were
significant in the spring and Diptera larvae in the fall. As for the abundance of dietary
elements in the river, it was observed that Ephemeroptera and Trichoptera larvae
were positively selected. Trichoptera larvae are relatively large and immobile, while
Ephemeroptera larvae are smaller but very abundant. On the other hand, a negative
selection of Amphipoda (all from the family Gammaridae) was observed, which
contrasted with Peyre (1956)'s findings. This difference was likely due to the greater
escape ability of these crustaceans and their high chitin content relative to their
available biomass. This result was consistent with the desman's need to optimize its
energy intake. Due to the small size of the Iberian desman, the energy required to

Figure 9. Iberian desman habitat from the Arga river in Quinto Real, Navarra
(Photo by José Castresana).
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maintain homeothermy in an aquatic environment is high relative to its body weight.
Thus, the need to obtain the highest biomass in proportion to the time spent foraging
seems to be a determining factor in its prey selection (Castién & Gosalbez, 1995).

Other multiple studies have been conducted based on the morphological analysis of
invasive samples (digestive tracts) in different populations, describing the desman
as a generalist predator of rheophilic species, with a preference for Trichoptera,
Ephemeroptera, and Plecoptera, but with a substantial consumption of other insect
orders (Diptera, Coleoptera), as well as annelids, crustaceans, and gastropods
(Castién & Gosalbez, 1999; Santamarina, 1993). Recently, Lépez-de Sancha et al.,
(2022) conducted an analysis based on the morphological identification of prey from
28 fecal samples of G. pyrenaicus from a population in the western Pyrenees. They
compared its diet with that of two other semi-aquatic insectivorous vertebrates that
share habitat and food resources: the white-throated dipper (Cinclus cinclus) and
the Eurasian water shrew (Neomys fodiens). The study revealed clear trophic overlap
and interspecific competition between the two mammals, with lesser competition
with C. cinclus. The main components of the desman's diet were Ephemeroptera,
Trichoptera, Diptera, Plecoptera, and to a lesser extent, Coleoptera. G. pyrenaicus
showed a tendency to feed on prey in aquatic life stages, with low mobility and
energetically profitable. Its morphological and physiological adaptations explain
its prey selection. Additionally, the desman rejected families with low energy yield
and avoided terrestrial prey, although the latter constituted a small percentage of
the diet. Also, non-preferred but abundant prey, such as Oligochaeta worms, were
actively consumed. The authors emphasize the difficulty of identifying soft-bodied
prey in morphological studies and recommend the development of genetic studies
to complement them, improving accuracy.

4.6.1. Genetic approaches in the study of the diet of the Iberian
desman

In recent years, molecular analyses based on metabarcoding of fecal DNA
fragments and next-generation sequencing have been developed to study the
diet of the Iberian desman. These methods allow for both the identification of
the species to which the feces belong and the components of its diet, preventing
errors in fecal sampling, reducing the time required for morphological analyses,
and increasing the sensitivity of the study. Gillet et al. (2015) and Biffi et al.
(2017) applied this approach to the lberian desman in the Pyrenees. Both
studies identified Trichoptera, Plecoptera, Ephemeroptera, and Diptera as the
main dietary groups. Gillet et al. (2015), working with 16 samples from different
localities in the French Pyrenees, used COI gene sequencing and compared the
results with the BOLD database, managing to identify several species within
these orders, as well as Coleoptera and Amphipoda in lesser abundance. Biffi et
al. (2017), on the other hand, conducted an extensive sampling of 385 samples
covering three hydrographic regions of the French Pyrenees. In this study, in
addition to the main groups mentioned, they identified a greater diversity of prey,
including additional insect orders such as Coleoptera, Orthoptera, Neuroptera,
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Hemiptera, Lepidoptera, Odonata, and Hymenoptera, as well as representatives
of Malacostraca (Isopoda, Decapoda, Amphipoda), Diplopoda, Lissamphibia,
Arachnida, Clitellata (Oligochaeta), and Gastropoda, in many cases identifying
them down to the genus level. In particular, Amphipoda (Gammarus) had a
significant representation in one of the regions studied. According to the
authors (Biffi et al., 2017), the high number of identified preys highlights the
efficiency of molecular analyses in detecting taxa that are difficult to identify
using morphological methods and underscores the adaptability of the Iberian
desman to different trophic environments. Although it shows a preference for
certain groups, the variety of less common prey suggests a generalist diet,
possibly influenced by aquatic stressors or seasonal effects, which increase the
availability of both aquatic and terrestrial prey, with the latter being significantly
represented. The results suggest that the desman's diet adjusts on a local scale
according to resource availability and accessibility, reflecting a flexible and
opportunistic foraging strategy.

Esnaola et al. (2018) focused on optimizing the methodology for analyzing the diet
of the desman. To achieve this, they analyzed 24 fecal samples from populations
in the northernmost part of the western Pyrenees (Basque Country), using five
pairs of primers to amplify different regions of the COI gene and compared the
sequences with the GenBank nucleotide database. They identified the main
prey groups mentioned earlier, with the addition of Salmonidae, Nematoda,
Psocoptera, and Mollusca. They found that the different primer sets accurately
identified the most common taxa, but varied in detecting less abundant groups.
This demonstrated that the choice of molecular markers, and even primers
targeting different regions of the same gene, can significantly influence the
characterization of diet and the interpretation of trophic ecology, especially
in generalist predators. Therefore, the authors emphasize the importance
of combining different sets of primers to detect the widest possible range of
potential prey and avoid information loss.

In an effort to improve sequence identification in metabarcoding studies,
Hawlitschek et al. (2018) developed a protocol based on nested PCR
amplification of a fragment of the COI gene, which enhances specificity. The
sequences were classified both by constructing a phylogenetic tree with
known sequences of potential aquatic prey of G. pyrenaicus, as well as using
BLAST with the BOLD and GenBank databases. Additionally, they analyzed
the impact of the condition of fecal samples (fresh vs. old) on DNA degradation
and its effect on diet evaluation. For the analysis, they used 19 fresh samples,
collected just after defecation, and 22 old samples, collected from riverbanks
and stones in various regions of the Iberian Peninsula, primarily from Zamora.
The results from BLAST and the tree-based approach were more similar
when the sequences were genetically closer to the reference sequences. The
tree-based approach was more accurate in identifying divergent sequences,
although its effectiveness was limited by the need to use a reference tree.
In contrast, BLAST benefited from a larger database, which provided an
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advantage given the wide range of potential prey species for the desman.
On the other hand, fresh samples generated more useful reads and more
identifications than old samples, although the latter still produced enough
reads to identify a significant number of prey items. The overall taxonomic
composition of the diet was consistent with previous studies in terms of
detecting freshwater invertebrates, including the aforementioned insect
orders, as well as Crustacea and Annelida. Additionally, unexpected organisms
such as Acari, Hemiptera, Hymenoptera, and Nematoda were identified. A
variation in composition was observed between the samples, which could
indicate different feeding strategies in different areas or at different times of
the year (Hawlitschek et al., 2018).

Figure 11. Examples of parasites detected in the Iberian desman,
endoparasites: a) Eimeria spp. oocysts (from Bangoura & Daugschies (2018)),
b) Trematoda Maritrema pyrenaica (from Jourdane (1979)), c) Nematoda
Paracuaria hispanica (from Alvarez et al. (1994)), d) Sarcoptiformes mite (from
Mehlhorn (2016)), ) Trombidiformes mite (from Peng et al. (2016)).
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Fecal sample metabarcoding offered several advantages over traditional
morphological methods, primarily because it is a non-invasive approach
that allowed the analysis of complex samples containing DNA from multiple
species without the need for prior isolation. However, it also presented certain
limitations. As it is a PCR-based method, it could fail to amplify certain species
in the diet, especially when only a single primer pair is used, in addition to the
potential bias caused by the differential affinities of primers to the alignment
regions. This issue is further exacerbated by the fact that the quality and
quantity of DNA in feces are often low due to digestive processes prior to,
and decomposition after, defecation (Esnaola et al. 2018, Hawlitschek et al.,
2018). On the other hand, for feces collected from the river, it is important
to consider potential contaminations. These include environmental DNA or
microorganisms, especially relevant in humid habitats, as well as insects
involved in the decomposition of feces (Hawlitschek et al., 2018). This is
particularly significant for insectivorous species, where it can be challenging
to distinguish between prey and insects contributing to decomposition (Lopez-
de Sancha et al., 2022). Finally, there was the need for a complete and reliable
database. Although freshwater invertebrates are relatively well-represented,
not all taxonomic groups and geographical regions are equally covered
(Hawlitschek et al., 2018). Nevertheless, the different studies agreed on the
identification of the main components of the desman's diet and demonstrated
greater sensitivity in detecting rare or unexpected elements. This showed
that, although the desman has a clear preference for aquatic invertebrates, it
exhibits opportunistic behavior by resorting to other prey depending on their
availability and accessibility.

4.7. Parasites and pathogens

The importance of identifying the parasites and pathogens affecting the lberian
desman lies in its status as an endangered species. Infectious diseases represent a
significant risk factor for the survival of wildlife species, especially those with small,
fragmented populations and low genetic variability, such as the desman. Under these
conditions, susceptibility to diseases increases, making infections an additional

factor that raises the risk of extinction by reducing individual fitness and survival or
causing population declines, particularly when combined with other environmental
stressors (Pedersen 2007, Kolodziej 2019).

Among small mammals, studies of parasites and pathogens have primarily focused
on rodents and shrews, the latter belonging to the order Eulipotyphla (Barandika et
al.,2007; Hammerl et al., 2017; Haring et al., 2023). These small mammals have been
shown to be significant reservoirs of zoonotic diseases, which can be transmitted
directly or indirectly, often via arthropod vectors, to domestic animals and
eventually to humans (Tian et al., 2023). In the context of significant anthropogenic
land-use changes, including agricultural and urban frontier expansion, where
interactions between wildlife, livestock, and humans are increasingly frequent, this
underscores the importance of monitoring parasites and infectious diseases in
wildlife, not only for their conservation but also for their critical relevance in public
health (Cantas & Suer, 2014; White & Razgour, 2020).

The Iberian desman is susceptible to a variety of parasites, both internal
(endoparasites) and external (ectoparasites) (Nores, 2017) (Figure 11). The first
reports of endoparasites affecting the lberian desman were digeneans (a subclass
of Trematoda): Omphalometra flexuosa var peyrei, Maritrema pyrenaica and
Mathovius galemydis. O. flexuosa var peyrei was found in populations from the
French Pyrenees and the mountains of the Central System and was also detected
in crustaceans (Gammarus pulex) (Timon-David, 1960; Vaucher, 1975). Similarly,
M. pyrenaica was found in populations from the French Pyrenees, where it affects
G. pyrenaicus and N. fodiens, involving two intermediate hosts: the mollusk
Bythinella reyniesii and the crustacean G. pulex (Deblock & Combes, 1965;
Jourdane, 1979). Finally, M. galemydis was reported in different populations from
Spain (Mas Coma et al., 1985).

Additionally, Ribas et al. (2009) identified two digenean parasites with aquatic
life cycles: Pseudocephalotrema pyrenaica and Skrjabinophyetus neomydis. They
were found in aquatic invertebrates, such as the mollusc Bythinella rufescens and
insect larvae (ephemeropterans and trichopterans), which are an important part
of the desman's diet. These invertebrates were collected in the Pyrenees, where
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the desman inhabits. It is believed that the desman is a potential host for these
parasites because it shares habitat and diet with other semi-aquatic mammals,
such as water shrews (N. fodiens), where these parasites has already been reported
(Ribas et al., 2005).

Studies by Alvarez Mascato, (1990) and Alvarez et al. (1994) on the parasitology of the
Iberian desman revealed the presence of several nematodes affecting this species.
In Alvarez Mascato (1990), three nematodes were identified in desman populations
from Galicia: Parastrongyloides winchesi, Paracuaria sp., and Eucoleus sp. In Alvarez
et al. (1994), a new species, Paracuaria hispanica, was described, which was found
in the stomach of 45% (9 out of 20) of the individuals studied in populations from
central and northern Spain. The authors define the desman as the definitive host of
this nematode species and suggest that aquatic insect larvae and crustaceans that
form part of its diet could act as intermediate hosts.

Regarding ectoparasites, only three Acari species have been reported so far: Eadiea
desmanae (Lukoschus, 1969), Lynxacarus dubinini, and Orycteroxenus galemys
(Cordero del Campillo et al., 1994).

Recently, Ripa et al. (2023) conducted a study using molecular methods based on
fecal samplesto detect pathogens in a population of the Central System of the Iberian
desman. The study focused on parasites previously described in this species, such
as the trematode Omphalometra flexuosa, as well as other pathogens commonly
affecting small mammals. The detection of these pathogens was carried out through
real-time PCR (gPCR), mainly using commercial kits to identify nematodes from
the family Ascarididae (covering only the genera Baylisascaris, Parascaris, Ascaris,
Toxascaris, and Toxocara), coccidia such as Cryptosporidium spp. and Eimeria spp.,
and bacteria such as Salmonella enterica, Clostridium perfringens, Staphylococcus
spp., Leptospira spp., and Listeria spp.. For the identification of O. flexuosa, they
developed a real-time PCR assay targeting a fragment of the 28S rDNA gene. The
highest prevalence detected was for Eimeria spp., found in 92.3% of the samples (191
out of 207), followed by Staphylococcus spp. (14.5%, 30 samples), Omphalometra
spp. (8.2%, 17 samples), Salmonella spp. (4.3%, 9 samples), Leptospira spp. (2.4%, 5
samples), Cryptosporidium spp. (1.15%, 3 samples), and Listeria spp., detected in only
one sample (0.5%). All samples tested negative for nematodes from the Ascarididae
family and for Clostridium perfringens. Excluding Eimeria spp., which was present in
nearly all samples, 22.2% of the samples showed at least one infection from the other
parasites or pathogens, 3.9% had two infections, and 0.5% had triple infections.
Regarding the temporal and spatial analysis, no significant differences were found
between the different years, but differences were observed in the presence of
Eimeria spp., Salmonella spp., and Staphylococcus spp. between sampling sites,
suggesting a concentration of these infections in specific areas.

This work represented a significant advance in understanding the parasites and
pathogens that affect G. pyrenaicus through the use of molecular methods and non-
invasive samples. However, the targets studied were highly limited by the availability
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of commercial kits. Additionally, due to the method's directed specificity, it was only
possible to identify the taxa previously selected for the assay, without detecting
closely related organisms. An example of this is the case of nematodes from the
Ascarididae family, where the test used only covered five specific genera, without
including the nematodes previously described for the desman, so their presence
cannot be ruled out. The issue becomes more critical when even members of the
same species cannot be detected, as in the case of Clostridium perfringens, whose
assay was specifically designed to detect the beta toxin; therefore, only the presence
of this particular strain could have been ruled out.

Overall, there is a clear need to expand genetic studies to gain more knowledge
about the health of G. pyrenaicus. Specifically, new genomic methods are needed for
the detection of parasites and pathogens that allow for broader screening, both for
previously reported taxa and for the identification of new parasites and pathogens
(ENETWILD-consortium et al., 2023). The conservation of biodiversity depends on
a deep understanding of the interactions between species and their ecosystems.
Among these factors, parasites and pathogens have a significant impact on the
populations and communities of their hosts. Therefore, studying the relationships
between the parasites and pathogens affecting the Iberian desman is essential for
its conservation.
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NOVEL BIOINFORMATIC METHODS FOR THE METAGENOMIC ANALYSIS OF NON-IN-
VASIVE SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:
MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

.
OBJECTIVES

The development and application of genomic methods has proven to be a powerful tool for
conservation programs of endangered species. These methods have primarily focused on
population studies, leaving significant potential for their application in generating ecological
and health information about species. A substantial contribution can be achieved through
the use of fecal samples in combination with metagenomic approaches to maximize the
extraction of information from such samples. In this context, the main objective of this thesis
is to develop novel pipelines and optimize bioinformatic methods to extract metagenomic
information from feces. As a case study, the endangered semi-aquatic mammal, Galemys
pyrenaicus, was used in order to explore aspects of its population genomics, trophic
ecology, and the presence of potential parasites and pathogens that may impact its health.

To achieve this general goal, the following specific objectives were proposed:

Obtain genomic information from shotgun metagenomic libraries based on fresh
fecal samples. Use samples of the Iberian desman (Galemys pyrenaicus) from the
Central System population, considered the most threatened population of this
species, as a case study. Focus on both endogenous and exogenous DNA to provide
a foundation for subsequent analyses of the species' biology.

2.

Determine the global composition of DNA present in the feces of G. pyrenaicus,
including endogenous and exogenous DNA classified into high-rank taxonomic
groups (e.g., Bacteria, Archaea, Eukaryotes, and Viruses), using bioinformatic tools
for taxonomic classification and DNA sequence databases.
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3.

Evaluate the utility of endogenous DNA for determining the sex of individuals and
conducting population genomic analyses.

4.

Develop a novel bioinformatic method for the characterization of exogenous
eukaryotic DNA present in feces, through taxonomic classification adapted to the
characteristics of metagenomic libraries and available reference sequences.

5.

Build a curated database of mitochondrial DNA sequences to enable precise
taxonomic classification of the reads obtained from feces, facilitating diet and
parasitology analysis.

6.

Use other available sequence databases for higher-level taxonomic classification
through homology searches in the context of diet and parasitology analysis.

1.

Analyze the trophic ecology of G. pyrenaicus using exogenous DNA sequences
taxonomically classified into elements of its diet.

Detect potential parasites that may impact the health of G. pyrenaicus by determining
exogenous DNA sequences of parasitic taxa.

9.

Develop a novel bioinformatic method for the identification at the species level
of pathogenic bacterial in the feces of G. pyrenaicus, using complete reference
genomes, and adapting the method to the unique challenges associated to non-
model species.

lll. OBJECTIVES

The development of specific objectives 1to 8 is presented in the subsections titled "1.
DNA composition, endogenous DNA, diet and parasites from Iberian desman feces",
within the Methods, Results, and Discussion sections of the thesis. Specific objective
9 is addressed in the subsections titled "2. Species-level identification of bacterial
pathogens", also within those same sections. Finally, an integrative discussion
is provided, in which the newly developed methods, their main differences, the
challenges addressed, and their potential applications in future studies are analyzed
in relation to the general objective of the thesis.
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NOVEL
VASIVE

BIOINFORMATIC METHODS FOR THE METAGENOMIC ANALYSIS OF NON-IN-
SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:

MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

METHODS

1. DNA COMPOSITION, ENDOGENOUS DNA, DIET AND PARASITES FROM IBERIAN
DESMAN FECES

The following methods correspond to specific objectives 1 to 8.

1.1. Fecal samples collection and DNA extraction

The analyzed samples originate from the population of the Iberian desman
(Galemys pyrenaicus) located in the Central System, in the center of the Iberian
Peninsula, which has been proposed to be classified as Critically Endangered
(Gisbert et al., 2024). A total of 23 fecal samples (Table S1) were obtained during
the summer months of 2018 and 2019 from four different subpopulations: Aravalle,
Becedillas, Endrinal, and Adaja (Figure 12), which were defined based on the
important hydrological units in the area. These samples were collected during the
capture of individuals immediately after deposition, and placed in tubes with ethanol.
This approach preserves DNA integrity and minimizes the risk of environmental
contamination that can occur with fecal samples (Hawlitschek et al., 2018; Oliveros
et al., 2023). The work of capturing individuals was part of a conservation program
independent of this study promoted by the Ministry of Environment through the
Biodiversity Foundation, the Duero River Basin Authority, and the Autonomous
Government of Castilla y Ledn through the Patrimonio Natural Foundation, in Spain.

DNA was extracted using the QlAamp DNA Mini Kit (QIAGEN), following manufacturer's
instructions, and quantified using a Qubit fluorometer (Thermo Fisher Scientific) with

the Qubit dsDNA High Sensitivity Assay Kit (Thermo Fisher Scientific).
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Figure 12. Geographic sample
distribution. (a) Map of the
northern part of the Iberian
Peninsula showing the current
distribution of the Iberian
desman (Galemys pyrenaicus)
(Quaglietta et al. (2024))

and the origin of the studied
subpopulations, which come
from the Central System. The
number of samples (N) and
the location of each studied
subpopulation are indicated:

(b) Aravalle, Becedillas,

and Edrinal; and (c) Adaja,
according to the sub-basin
where they are located and
the main rivers to which they
belong: Tormes and Adaja.
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1.2. Shotgun-metagenomics library construction and sequencing

Shotgun metagenomic libraries were constructed using the NEBNext Ultra Il FS
DNA Library Prep Kit (New England Biolabs). Extracted DNA (26 uL per sample)
was enzymatically fragmented at 37°C for 15 minutes. Specific Illumina adapters
were ligated, and fragments of 150-250 bp insert size were selected using NEBNext
Sample Purification Beads (New England Biolabs). Each sample was then indexed
and amplified through 12 cycles of PCR, cleaned, and quantified using the Qubit
fluorometer. Fragment size distribution (270 — 370 bp) was assessed by E-gel EX 2%
agarose gel electrophoresis (Invitrogen). Finally, equimolar amounts of each library
were pooled and sequenced on an lllumina platform.

1.3. Sequencing data processing: quality control and separation
of endogenous and exogenous reads

A bioinformatics pipeline was developed to process sequences, incorporating tools
for quality filtering of reads, mapping, assembly, and taxonomic classification, using
various reference sequence and genome databases (Figure 13). The pipeline began
by removing low-quality, duplicate, and reads shorter than 100 bp for each sample
using FASTP version 0.23.2. (Chen, 2023).

IV. METHODS

1. DNA COMPOSITION, ENDOGENOUS DNA, DIET AND PARASITES FROM IBERIAN DESMAN FECES

The resulting reads were aligned in pairs with the nuclear reference genome of
G. pyrenaicus (Escoda & Castresana, 2021) using Bowtie2 version 2.5.0 with the
--end-to-end and --sensitive options (Langmead & Salzberg, 2012). In Bowtie2,
the "end-to-end" alignment mode and the preset "sensitive" configuration are
combined to optimize alignment accuracy and sensitivity. The "end-to-end"
mode requires that the entire read aligns from end to end without any trimming
(or "soft clipping") at the ends, minimizing the risk of partial or spurious
alignments and increasing precision by ensuring complete matches (Langmead
& Salzberg, 2012). The "sensitive" configuration adjusts parameters to enhance
alignment sensitivity by using a seed length of 22 nucleotides (-L 22) without
mismatches in the initial seed (-N 0), ensuring exact matches at the start of
the alignment. It also allows up to 15 consecutive failed seed extensions (-D
15) before testing another alignment site or discarding the read, improving the
detection of alignments in sequences with slight variations and increasing
the likelihood of finding the best possible match. Additionally, output options
were included to manage both aligned and unaligned reads. Aligned reads
were directly saved in SAM format using the -S option together with the --no-
unal option to exclude unaligned reads. The --un-conc-gz option was used to
save unaligned read pairs in a concordant manner (i.e., those that do not align
with the expected orientation and distance between mates), which constitute
the input for the next step. The SAM files were then transformed into BAM
format using the SAMtools package v1.9 (H. Li et al., 2009). During this process,
the paired reads were sorted by name, mate information was fixed, and PCR
duplicates were marked to avoid them in subsequent analyses. Finally, the BAM
files were sorted by genomic position and indexed.

The set of unmapped reads was then processed with BBDUK version 39.01
(https://jgi.doe.gov/data-and-tools/software-tools/bbtools/) to remove
sequences containing repetitive motifs. An entropy filter was applied; this
parameter measures the complexity of each read and ranges from O to 1. A
sequence composed entirely of a single base would have an entropy of zero,
while a completely random sequence would have an entropy of 1. Specifically,
reads with an average entropy below 0.9 were filtered out. In this way, the largest
possible number of sequences was mapped to the nuclear genome of Galemys,
including low-complexity sequences that are considered legitimate parts of this
genome, such as microsatellites or other repetitive sequences that may be part
of the species' nuclear genome. This prevented their removal at an early stage
of processing, allowing for a more accurate quantification of the proportion
of this source in fecal samples. However, these sequences were discarded in
subsequent analyses.

Following the pipeline, the reads not removed by BBDUK were aligned to the reference
G. pyrenaicus mitochondrial genome (Escoda & Castresana, 2021), also using
Bowtie2 with the same configuration as before. The unmapped reads constituted
the exogenous set of each fecal sample. This process thus generated three sets of
reads: endogenous nuclear, endogenous mitochondrial, and exogenous.
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IV. METHODS

1. DNA COMPOSITION, ENDOGENOUS DNA, DIET AND PARASITES FROM IBERIAN DESMAN FECES

The developed pipeline consists of several steps: first, a
quality filtering of raw reads using Fastp, followed by the
alignment of sequences to the G. pyrenaicus reference
genome with Bowtie2 to extract nuclear reads. The
unmapped reads are filtered to remove sequences with
repetitive motifs using BBduk and subsequently aligned

to the G. pyrenaicus mitochondrial reference genome to
extract mitochondrial-origin reads. This process results in
two sets of endogenous reads: nuclear and mitochondrial
(a), as well as a set of exogenous reads. From this point,
further analyses are conducted: (b) the global composition of
the exogenous content is characterized using Kraken2 with
the RefSeq database. (c) The diet and parasite composition
are identified using a novel method. This method involves
the alignment of endogenous reads with Bowtie2 against
four databases: (DB1) a curated mitochondrial sequence
database from NCBI containing sequences over 500 bp
from eukaryotes (excluding plants), (DB2) the Silva 18S

€— Figure 13. Pipeline for metagenomic content analysis of fecal samples

rDNA database for eukaryotes, (DB3) the Silva 28S rDNA
database for eukaryotes, and (DB4) the BOLD eukaryotic
database. Mapped reads are separated from unmapped
ones after alignment with each database, following the
mentioned order. The unmapped reads are aligned to

the next database sequentially. Mapped reads are then
assembled into consensus sequences longer than 500

bp using BCFTools, which are subsequently classified
taxonomically using BLAST against the Core Nucleotide
database as a reference. Finally, the classifications obtained
from each database are combined to describe the diet and
parasites. A series of quality checks is performed to ensure
the accuracy and reliability of the taxonomic assignments.
(d) The identification of pathogenic bacteria using a new
method that involves aligning the exogenous sequence set of
each sample to individual bacterial genome databases with
Bowtie2. Presence is defined using breadth of coverage as a
threshold parameter.

1.4. Genomics analysis from endogenous data
1.4.1. Population structure analysis

To evaluate the potential of DNA obtained from fecal samples for genomic
analyses, the ANGSD version 0.941 software was used (Sand Korneliussen
et al., 2014). This software estimates single nucleotide polymorphisms
(SNPs) from BAM files based on genotype likelihoods calculated from
aligned reads and associated mapping and sequencing quality scores,
integrating information from all samples and accounting for the statistical
uncertainties inherent in low-coverage data. The following options we
used: -GL 1 (genotype likelihood model), doMajorMinor 1 (to infer major and
minor alleles per site from the genotype likelihoods), -doMaf 1 (to estimate
allele frequencies per site with a fixed major and minor alleles), -SNP_
pval 1e® (to keep variant sites with a p-value less than 1e-6, indicating
significant variants), and -doCounts 1 (to calculate the counts of each of
the four possible bases per site). To focus on well-assembled regions of
the reference genome, we restricted the variant site search to autosomic
scaffolds greater than 40,000 bp using -rf. Quality filters were applied
with -minMapQ 20 (to set the minimum mapping quality), -remove_bads
1 (to exclude not primary, failure and duplicate reads (default)) and -only_
proper_pairs 1 (to include only pairs of read with both mates mapped
correctly (default)). The output was specified as a covariance matrix with
-docov 1. Using the same software, a principal component analysis (PCA)
was performed using the covariance matrix to verify that the samples
clustered according to their subpopulation of origin.
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1.4.2. Genetic sex determination

Sex determination for each individual was estimated based on the ratio of the
mean depth of coverage values for the Y chromosome (Y) and the entire nuclear
genome (NG), an approach similar to that used in previous studies (Alvarez-
Estape et al., 2023; Cabrera et al., 2022), for which a Y:NG ratio ~ 0.5 is expected
in males and a Y:NG ratio ~ O is expected in females. To obtain these values,
sequences aligned to the nuclear genome from each sample were analyzed from
the BAM files. SAMtools view was used to retain properly aligned read pairs (-f
2) and to filter out those with supplementary alignments (-F 2048). Additionally,
a MAPQ filter of 20 (-q 20) was applied. Since the MAPQ value reflects the
difference between the best alignment score and the second-best alignment
score, applying this filter helps to remove reads from the X chromosome that
might be incorrectly aligned to Y chromosome sequences.

1.4.3. Mitogenome phylogenetic reconstruction

The mitochondrial genome of each sample was extracted from the BAM files
corresponding to the reference mitochondrial genome using the BCFtools
package v1.17 (Danecek et al., 2021) with the "mpileup" tool. Subsequently,
variant calling was performed with the "bcftools call" command using the -c
option. Consensus sequences in FASTQ format were generated using the
vcf2fq option of the VCFtools package (Danecek et al., 2021)

The FASTQ sequences were converted to FASTA format and aligned with
the MAFFT program (v7.464) using the options "maxiterate 1000" and
"localpair". A maximum-likelihood phylogenetic tree was then constructed
from the alignment with the RAXML program (v8.2.12) using a GTR model
of nucleotide substitution and a gamma distribution of evolutionary rates
(Stamatakis, 2014).

1.5. Metagenomics analysis from exogenous data: overall DNA composition,
diet and parasites

Once the endogenous reads were separated, the pipeline development focused on
the taxonomic classification of the exogenous read set, with the aim of analyzing, on
the one hand, the overall composition of DNA present in the feces (Figure 13b) and, on
the other, identifying elements that make up the desman's diet and potential parasites
(Figure 13c).

1.5.1. Overall DNA composition in the feces
To assess the overall DNA composition in the feces, taxonomic classification

of the exogenous DNA set from each sample was performed using Kraken 2
(Wood et al.,2019) with the RefSeq database (O’Leary et al.,2016) as areference

(Figure 13b). For this, the pre-built "kraken2_RefSeqV208_nt" indexes created
by Wright et al. (2023) were used. The RefSeq nucleotide database contains
well-annotated, non-redundant DNA sequences from NCBI. The version used
(Release 208, September 2021) includes 113,002 species represented across
all domains of life: 1,360 of Archaea, 66,539 of Bacteria, 11,557 of Viruses,
and 27,937 of Eukaryota. The reads were processed in a paired-end manner
(--paired), meaning that mates were classified together, and the minimum
number of hit groups required to make a classification call was set to 3
(--minimum-hit-groups) as recommended by the Kraken 2 authors, to improve
accuracy (Lu et al., 2022). The number of reads assigned to each domain—
Archaea, Bacteria, Viruses, and Eukaryota—was recorded, as well as to the
lineages within Eukaryota and the lineages within Opisthokonta, according to
NCBI taxonomy (Schoch et al., 2020b).

1.5.2. Databases for diet and parasites identification

To identify dietary elements and potential parasites from exogenous DNA
present in feces, a new procedure was developed (Figure 13c, 14) that leverages
the efficiency of Bowtie2 to align reads to reference sequences with precision
and sensitivity, along with the BLAST suite’s capability to identify similarities in
large databases. This process is further enhanced by using various databases
to improve classification accuracy.

First, a new database of mitochondrial sequences from eukaryotes was
constructed from the NCBI Nucleotide database (Downloaded on 04-May-
2022) (Cooper et al., 2010). Using the Entrez Direct software from E-utilities
(Kans, 2013), we selected mitochondrial sequences between 500 and
30,000 base pairs (bp), excluding ribosomal RNA (rRNA) and transfer RNA
(tRNA) sequences, and all sequences from organisms in the Viridiplantae
domain. Additionally, pseudogenes and unverified sequences, which could
lead to incorrect classifications, were also excluded. We called Mit11 to this
curated mitochondrial database. To avoid redundancies and ensure that
reads from the same source align to a single reference, duplicate sequences
were removed using the SeqgKit rmdup v2.3.0 program (Shen et al., 2016).
This resulted in a database of 5,036,773 sequences, including specific
genes, such as the COIl gene, widely used in taxonomic identification (Antil
et al., 2023; Porter & Hajibabaei, 2020), as well as other mitochondrial
fragments and genes and complete mitochondrial genomes from a wide
variety of taxa.

To take advantage of the nuclear genomic information present in the samples,
we used additional databases. For this, we incorporated the SILVA 18S (SSU:
Small Subunit) and SILVA 28S (LSU: Large Subunit) databases (Release 138.1
27-August-2020) (Quast et al., 2013), which contain curated nuclear rDNA
sequences from the small subunit (18S) and large subunit (28S), respectively.
These sequences are widely used for species identification because they
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combine conserved regions with areas of high variability, allowing for
discrimination among different taxa. From these databases, only sequences
from the Eukarya domain were selected, providing 646,567 and 742,677
sequences for 18S and 28s, respectively.

Finally, to achieve a broader representation of taxa, we also included the
BOLD database (Release 07-Apr-2023) (Ratnasingham & Hebert, 2007), which
primarily contains barcodes from the mitochondrial COIl gene for animals,
as well as barcodes from other genes such as ITS/ITS2, matK, and rbcL for
fungi and plants. This database is widely used for species identification and
is not directly linked to NCBI, which allows it to provide additional sequences
that are not present in the mitochondrial or SILVA databases. In total, BOLD
contributes 9,338,938 eukaryotic sequences.

These databases were used in the initial phases of the pipeline for mapping
reads with Bowtie2, while for taxonomic classification with BLAST, an
additional database, the NCBI Core nucleotide BLAST database (BLAST
Core_nt, version 1.1 — 21-October-2024; 109,874,994 sequences) (Sayers et al.,
2025), was used. This database is an optimized version of the standard NCBI
nucleotide database, designed to be non-redundant and to exclude preliminary
or fragmentary sequences. It provides a more efficient representation by
merging identical sequences of highly represented organisms into a single
entry and excludes most eukaryotic chromosome sequences, retaining
only transcript and gene-related sequences. By classifying the consensus
sequences with this unique and more up-to-date database, it is possible to
unify taxonomy, correct potential misannotations from the other databases,
and ensure comparability of e-value scores for the detected alignments, which
would not be accurate when using different databases.

1.5.3. Taxonomic classification of consensus sequences from diet and
parasites

The assessment of the diet and parasites was performed using the set of
exogenous sequences from each sample (Figure 13c). Using each database
consecutively —Mit11, Silva 18S Eukaryotes, Silva 28S Eukaryotes, BOLD
Eukaryotes—, the procedure was as follows (Figure 14a): First, the reads
were mapped against our custom NCBI Mitochondrial database, Mit11,
using the Bowtie2 in "unpaired" mode with the --end-to-end and --very-
sensitive options. The "end-to-end" alignment mode requires that the
read aligns entirely, using every character in the read, as explained before.
The "very-sensitive" setting is designed to maximize alignment sensitivity
by allowing more attempts and adjusting parameters to tolerate certain
sequence variations. Specifically, this configuration uses a seed length of
20 nucleotides (-L 20) with no mismatches allowed in the seed (-N 0) and
increases the number of consecutive attempts to extend a seed to 20 (-D 20)
before giving up on finding an alignment at that location, which also allows

for finding better alignments at each position. This approach enables the
detection of more alignments by accommodating small differences from
the reference, which is particularly useful when the reads from the samples
are divergent from the reference sequences, possibly due to sequences of
the organisms being absent in the databases. Additionally, the unpaired
alignments mode was chosen in this case because the databases used
contain many partial or fragmented genetic sequences, which can cause
only one of the mates in a pair to align correctly. The --un-gz option was
used to record unpaired reads that did not align, which was used as the
input for alignment with the next database consecutively, using the same
parameters. This sequential procedure allows for progressive filtering of
aligned reads, preventing reads from aligning more than once in cases
where the databases are redundant. The -S and --no-unal options were
used to record aligned reads in SAM files, which were subsequently
converted to BAM format using SAMtools. During this process, reads were
sorted by genomic position, PCR duplicates were marked, and the BAM
files were indexed.

Instead of classifying the individual reads according to the matched
database sequences, astep wasincluded to generate consensus sequences
from contiguously mapped reads in order to generate longer sequences
for a subsequent database search with BLAST (Figures 13c and 14a). For
this, the BCFtools package v1.17 (Danecek et al., 2021) was used to obtain
consensus sequences from the generated BAM files, using the mpileup
command with the --ns DUP option to exclude reads marked as duplicates.
Subsequently, the call command with the -c option was used to perform
variant calling based on genotype likelihoods, using a consensus model to
assign genotypes for each position. These variant calls were subsequently
used to generate consensus sequences, which were recorded in FASTQ
format with the help of the vcfutils.pl vef2fq program. The FASTQ files were
then processed with Seqtk v1.3-r106 (H. Li, 2018) to transform them into
FASTA format. During this process, low-quality or undefined bases were
replaced with "N" and consecutive "N" sequences were reduced to a single
"N." Additionally, the consensus sequences were filtered to retain only
those with a length of at least 500 bp. For these consensus sequences,
the number of reads that constituted each sequence was recorded. Depth
of coverage (X) was calculated as the number of reads constituting the
consensus sequence, multiplied by the average length of the reads in the
sample, and divided by the length of the reference sequence where they
were mapped. Breadth of coverage (%) was calculated as the percentage
of the reference sequence covered by the generated consensus sequence.

The next step in the pipeline was the taxonomic classification of the retained
consensus sequences. This was performed using the BLASTN v2.13.0+
program from the BLAST+ suite (Camacho et al., 2009) with the "megablast"
task option. This option configures BLASTN to prioritize finding highly similar
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1.5.3. TAXONOMIC CLASSIFICATION OF CONSENSUS SEQUENCES FROM DIET AND PARASITES

sequences, making it ideal for comparisons within the same species or among
closely related species. As mentioned previously, the database used in this
step was the BLAST Core_nt.

For each consensus sequence evaluated (considered a query in BLAST),
the top 5 hits (subjects from the database) were recorded based on their
e-value (obtained with the option -max_target_seqs 5). Usually, the e-values
were very similar and frequently all equal to O. Therefore, for each of the 5
subjects, the Total Score, not provided in the BLAST output, was calculated
as the sum of the scores for each High-scoring Segment Pair (HSP) that it
contains (-outfmt score). Then, the subject with the highest Total Score was
selected for taxonomic classification of the query. This parameter reflects
both the similarity between the query and the subject and the alignment
length, as a more extensive alignment with a good proportion of matches
generally results with a higher Total Score. For the selected subject, the total
percentage of identical matches (Total Pident) was calculated as the sum of
the number of identical matches (-outfmt nident) in each HSP, divided by the
sum of the alignment lengths of the HSPs (-outfmt length), multiplied by 100.
Additionally, the query coverage (percentage of the query length involved
in the alignment) was recorded (-outfmt qcovs), along with the e-value of
the best HSP (-outfmt evalue), and information about the selected subject,
including Subject Seq-id, Subject Title, and Subject Taxonomy ID (-outfmt

sseqid stitle staxid).

(a) The figure shows the alignment of exogenous reads to

a reference sequence using Bowtie2, where the number of
reads (Reads (n)), the depth of coverage (X), the breadth of
coverage (%), and the reference length (bp) are recorded.
These parameters are used for cross-validation of depth and
breadth. Subsequently, the construction of the consensus
sequence is shown, where regions of the reference
sequence not covered by reads are replaced with an "N."
Only consensus sequences longer than 500 bp proceed

to the next step, which involves classification via BLAST,
where each consensus sequence serves as a query. In this
step, a similarity search is conducted against a reference
sequence (Subject), and parameters for each alignment
are recorded to assess the quality of classifications. Only
classifications where more than 50% of the query’s length
participates in the alignment (Query coverage) and the
overall percentage identity (Total Pident) exceeds 90% are
retained. The figure also illustrates HSPs (High-Scoring
Pairs), which are locally aligned segments of high similarity
identified by BLAST. For each HSP, its length, the number
of identical positions in the alignment between the query
and the subject (nident), the alignment score (score), and
the statistical significance (evalue) are recorded. The overall
percentage identity (Total Pident) is calculated as the sum

€¢— Figure 14. Method developed for the taxonomic classification of diet and parasites

of identical positions across all HSPs divided by the sum

of their lengths, multiplied by 100. The total alignment

score (Total Score) is calculated as the sum of the scores

of all HSPs, and the maximum e-value (Max evalue) is equal
to the e-value of HSP1, which is always the longest HSP.

(b) This method allows for the evaluation of consensus
sequence quality through the analysis of depth of coverage
across the reference sequence. The figure presents four
examples of consensus sequences from the same sample:
(1) a low-quality alignment where all reads mapped to a
region of less than 200 bp; this consensus sequence was
filtered out for having a length below 500 bp; (2) another
low-quality alignment that, although exceeding 500 bp in
length, was discarded during depth:breadth cross-validation
due to excessively high depth in relation to low breadth.

The figure also includes two high-quality consensus
sequences: (3) a sequence with homogeneous depth across
the reference, though it does not achieve 100% breadth; and
(4) a sequence with uniformly distributed depth of coverage
along the reference, where the reference sequence is fully
sequenced. These examples demonstrate the criteria used to
validate and ensure the quality of the consensus sequences.
(Max X (x-axis): reference sequence length).
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1.5.3. TAXONOMIC CLASSIFICATION OF CONSENSUS SEQUENCES FROM DIET AND PARASITES

Subsequently, based on each TaxID, the complete taxonomic lineage of each
subject was recorded using the nodes.dmp and names.dmp files provided
by NCBI. The nodes.dmp file enables the reconstruction of the hierarchical
lineage of each TaxID, identifying the TaxIDs corresponding to each level.
Meanwhile, names.dmp translates these TaxIDs into scientific names,
thus generating a complete taxonomic description that was linked to the
corresponding query.

Finally, the results obtained from the Bowtie2 alignments with each initial
database — Mit11, Silva 18S Eukaryotes, Silva 28S Eukaryotes, and BOLD
Eukaryotes — and classified with BLAST, were categorized into diet and
parasites and combined for quality assessment. In the initial curation
step, problematic sequences that could introduce errors in the analyses
were removed. To achieve this, consensus sequences assigned to subjects
labeled by NCBI as PREDICTED (annotated using a gene prediction method)
or TPA (Third Party Annotation) were filtered out. Additionally, sequences
assigned to subjects with any of the following taxonomic categories were
excluded: unclassified, environmental, artificial, Bacteria, or without
taxonomy. Subsequently, a filter was applied to retain only high-quality
consensus sequences based on the parameters generated from Bowtie2
results (Figure 14b). Thus, consensus sequences with depth of coverage
values of 50X or higher were discarded if they did not reach a breadth of
coverage of at least 70%. This was done because a high depth of coverage
should lead to maximum coverage if the reads were mapped to the correct
species or a close one. However, if this coverage does not exceed a high
value, like a 70% of the reference sequence, it suggests that the sample reads
and the reference sequence come from evolutionarily distant organisms,
where only highly conserved, non-informative regions at lower taxonomic
levels, are being mapped. These results do not lead to a suitable taxonomic
identification and therefore were removed.

Then, filters based on BLAST results were applied, retaining consensus
sequences assigned to subjects with a Total Pident of more than 90%
(percentage of identical matches across all HSPs for the subject) and with
at least 50% query coverage, meaning that at least 50% of the consensus
sequence length participatedinthe alignment. At this point, some problematic
subjects were visually inspected, and all consensus sequences aligning to
these were filtered out. For example, low-complexity reference sequences
or those containing repetitive motifs were identified. This was evidenced
when consensus sequences from different samples were assigned to the
same reference sequence, and analysis of their depth and breadth values
revealed significant variation in depth (reflecting the number of reads used
to construct the consensus sequence) but consistently low breadth values.
This indicated that these consensus sequences were constructed based on
the alignment of reads to the same small regions of the reference sequence.

1.5.3. TAXONOMIC CLASSIFICATION OF CONSENSUS SEQUENCES FROM DIET AND PARASITES

We also attempted to estimate the relative abundance of each element in
the samples. Since organisms that are better represented in the databases
could generate a higher number of mapped sequences, it is necessary to
take the lengths of the reference sequences into account. Thus, for each
element identified in the diet and parasites, the total depth of coverage
(X) was calculated by summing the number of reads that contributed to
the generation of the consensus sequences assigned to a given taxon,
multiplying it by the average length of the exogenous reads in the sample,
and dividing it by the sum of the lengths of the reference sequences where
these reads aligned. Additionally, to estimate the overall diet or parasite
composition across all samples, the weighted mean of the total depth of
coverage (X) was calculated, using the number of exogenous reads in each
sample as the weighting factor. Finally, the prevalence of each element was
determined as the number of samples in which it was present.

As sequences from most species are not present in databases, most
classifications were considered adequate at the class or order level. However,
the Bowtie2 and BLAST results indicated the existence of some hits at the
species level. To determine consensus sequences likely classified at the
species level we only considered mitochondrial sequences, which generally
have greater variability along their entire length, facilitating differentiation
between species. In addition, we evaluated two aspects: the quality of the
consensus sequence generated from the Bowtie2 alignments, as estimated
by the breadth of coverage, and the quality of the alignment performed by
BLAST, as estimated by the Total Pident and the query coverage. Specifically,
the following thresholds were set for considering a species hit: a breadth of
coverage of at least 50%, a minimum total identity of 94% with the subject,
and an alignment involving at least 90% of the query length.
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The following methods correspond to specific objective 9.
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2.1. Reference bacterial genomes

The genus Yersinia was detected in initial analyses of desman feces samples and was
chosen as a case study to evaluate different methods for species identification. We
specifically selected for testing a group of closely related species, which can present
significant identification problems. The genus contains 26 species listed in the NCBI
taxonomy, four of which are pathogenic (Table S2), so accurate identification to
species level is essential in this genus, highlighting the need for robust methods for
this task. Reference genomes for the bacterial species were obtained from the NCBI
Genome Database (https://www.ncbi.nlm.nih.gov/datasets/).

For a broader analysis of other pathogenic bacteria, the reference genomes of
species found in the Pathogen Detection Project of NCBI (https://www.ncbi.
nlm.nih.gov/pathogens/) and the Virulence Factor Database (VFDB, http://
www.mgc.ac.cn/VFs/) (Liu et al., 2022) were downloaded, in addition to other
bacterial species found in the literature (Ali & Alsayegh, 2022; Barandika
et al.,, 2007; Cantas & Suer, 2014; Pedersen et al., 2007; Sabour et al., 2022;
Suminda et al., 2022; White & Razgour, 2020) and online sources (e.g.
https://ewda.org/diagnosis-cards/, animal health section of https://www.mapa.gob.
es, etc.), resulting in 137 species that included the four pathogenic Yersinia species
(Table S3). Cutibacterium acnes was included in the initial analyses and was found
in most samples, but it has been reported that this species is a likely contaminant of
kits and reagents (Gu et al., 2019) and was excluded from the final analyses, which
were based on 136 species.

2.2. Alignment of sequences to reference genomes of Yersinia species

The set of 26 Yersinia species was used to test the performance of different
methods and parameters in the developed pipeline. First, the set of exogenous
reads was aligned separately to each of the respective reference genomes using
Bowtie2 (Langmead & Salzberg, 2012) in the "end-to-end" alignment mode and the
--sensitive option. In addition, the options --no-discordant and --no-mixed were
used to capture only read pairs where both reads align and have the expected
orientation and distance between them. Subsequently, alignments were converted
to BAM format, PCR duplicates removed, and reads with MAPQ values lower than
20 filtered using SAMtools v1.9 (H. Li et al., 2009). General mapping quality was
visualized using the coverage across the genome graph constructed with Qualimap
2.2.2. (Okonechnikov et al., 2016) which represents the mean depth of coverage in
4,000 windows of the genome.

IV. METHODS

2. SPECIES-LEVEL IDENTIFICATION OF BACTERIAL PATHOGENS

Using SAMtools, genome alignment statistics were calculated for each sample and
bacterial species, including the number of mapped reads, the mean MAPQ of the
mapped reads, the number of positions in the reference genome sequenced with at
least one read, the breadth of coverage (%), and the depth of coverage (X) . Different
thresholds based on percent coverage (breadth of coverage) were set to determine
the presence of each species in the samples. We also calculated the percent coverage
when filtering out positions with extreme values of depth of coverage, defined as
those sites with a depth of coverage greater than the sample mean plus 3 times the
standard deviation, calculated in logarithmic space.

Bowtie2 can be used with single-species or multi-species databases. A Bowtie2
database was first constructed for each species for the main analyses. In addition, a
combined database containing the set of all species was constructed to assess the
effect of database configuration on analysis performance. For samples with multiple
positives of species in the same genus or closely related species, the numbers of
unique and shared reads for each positive species were compared using Venn
diagrams.

The set of exogenous sequences was also aligned against the Yersinia reference
genomes using other methods and conditions. Thus, we used Bowtie2 in "local"
alignment mode, as well as another widely used DNA mapping program, BWA 0.7.17
(H. Li & Durbin, 2009). For the latter, both the BWA-mem and BWA-aln algorithms
were evaluated in their default configurations. The MAPQ scales are different in
Bowtie2 and BWA, with a maximum of 42 for Bowtie2 and 60 for BWA. As mentioned
above, a MAPQ cut-off of 20 was used for Bowtie2. The distributions of MAPQ values
for both methods in the same set of samples showed that the equivalent threshold
for BWA was ~30, so this value was used to filter mapped reads with this program.

2.3. Alignments to reference genomes of pathogenic bacterial species

The Bowtie2 "end-to-end" mode, which provided consistent results for the Yersinia
species, was used to align the exogenous reads from each sample to the 136
pathogenic bacterial species using both single-species and combined databases.
Identification was based on the percent coverage thresholds as described above.
Principal Component Analyses (PCA) was performed on the percent coverage values
to compare the overall health status of the Iberian desmans using the single-species
databases (similar results were obtained using the combined database).
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SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:

MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

RESULTS

1. DNA COMPOSITION, ENDOGENOUS DNA, DIET AND PARASITES FROM IBERIAN
DESMAN FECES

The following results correspond to specific objectives 1to 8.

1.1 Performance of metagenomic libraries and illumina sequencing from fecal
samples

The total DNA concentrations extracted from the fecal samples were generally
quite low; only three samples exceeded 1 ng/uL (Table S4). The minimum
concentration was 0.14 ng/uL, with a mean of 0.6 ng/uL and a coefficient of
variation (CV) of 128%. Despite these low concentrations, the quantities were
sufficient to construct the libraries. The sequencing yielded a total of 1,867,181,444
[llumina reads in the metagenomic library pool, with an average of 81,181,802 reads
per sample. Additionally, a notable decrease in variability among samples was
observed, reflected in a CV of 16.65% in the number of reads per sample, made
possible by the equimolar representation of the samples in the library pool. After
applying quality filters, an average of 81% of the reads in each sample was retained,
resulting in a mean of 66,059,624 reads per sample and a CV of 17.16%. Sample
BC3015 had the lowest number of reads with 42,603,532, while sample BC2408
had the highest number, reaching 84,184,200 reads.

1.2 Total DNA composition in fecal samples

The number of reads successfully aligned to the G. pyrenaicus nuclear genome varied
significantly across samples (Figure 15, Table S5). The lowest number of mapped
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N° Reads

1.2 TOTAL DNA COMPOSITION IN FECAL SAMPLES

reads was 47,582 in sample BC2042, accounting for only 0.07% of the total filtered
reads for that sample, while the highest mapped reads count was 38,876,690 in
sample BC2865, representing 54.67% of its total filtered reads (Table 1). This sample
achieved the highest depth of coverage, at 3.09X, and the highest breadth of coverage,
at 79.04% (Table S5). The weighted average of aligned reads was 6,079,810.78,
corresponding to 9.32% of the initial reads. The weighted average values for depth of
coverage and breadth of coverage were 0.48X and 19.34%, respectively.

Regarding sequences mapped to the G. pyrenaicus mitogenome, their contribution
to the overall fecal DNA content was very low, with a weighted average percentage
relative to the total reads per sample of only 0.03%. The lowest count of mitochondrial
reads was in sample BC2042, with just 2,308 reads, while the highest was in
sample BC3345, with 125,918 reads (Table 1). Despite these low values, complete
mitogenome reconstruction was achieved in all samples, with weighted averages of
breadth of coverage at 99.4% (95.37-100) and depth of coverage at 154.25X (19.35—
991.4) (Table S5). Notably, the quantities of endogenous sequences from nuclear and
mitochondrial genomes showed no correlation (Figure S1).

Metagenomic analysis of exogenous sequences (Figure 15, Table 1, Table S6) revealed
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Figure 15. Global fecal DNA composition.
Number of reads assigned to each source category in each sample.
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a high proportion of reads of metazoan origin. The total number of reads assigned
to this taxonomic group was 133,019,468, with a weighted mean of 5,926,054.93 per
sample, accounting for 8.75% of the total fecal DNA composition, with a maximum
proportion of 17.15% in sample BC2042 and a minimum of 2.96% in sample BC2856.
Other eukaryotic groups showed much lower representation: Viridiplantae had a
mean proportion of 1.71%, SAR (Stramenopiles, Alveolata, and Rhizaria) of 0.24% and
Fungi of 0.20%. Reads from other eukaryotic and opisthokont groups fell between O
and 0.01%, so these were grouped as "Other Eukaryota".

Among other domains, Bacteria represented the largest proportion, with 10.53%
(159,943,278 total reads), with a minimum of 1.61% in sample BC2416 and a maximum
of 31.51% in sample BC2381. In contrast, the contribution of Archaea was minimal,
comprising only 0.04% of the total. Additionally, reads classified as viruses
accounted for 0.09% of the total DNA composition. Lastly, a significant portion of
reads remained unclassified, representing 68.51% of all reads, with a maximum of
81.57% in sample BC2876 and a minimum of 35.46% in sample BC2865 (Figure 15,
Table 1, Table S6).

Table 1. Contribution of different sources to the overall DNA composition present in fecal samples. For each source, the
table shows the total number of reads assigned across all samples, the weighted average number of reads based on the total
filtered reads in each sample, the minimum and maximum read counts, the weighted average percentage, and the minimum and
maximum percentages for each source.

Source Total filtered W. Average Min Max W. Average Min Max

reads (n) Reads (n) reads (n) reads (n) Reads (%) reads (%) reads%
Nuclear Genome 141,634,060 6,079,810.78 47,582 38,876,690 9.32 0.072 54.67
Mitogenome 489,528 21,319.96 2,308 125,918 0.03 0.003 0.19
Metazoa 133,019,468 5,926,054.93 1,690,652 11,997,110 8.75 2.962 1715
Fungi 2,967,930 135,497.44 58,734 237,142 0.20 0.095 0.29
Viridiplantae 25,980,708 1,216,066.11 249,776 4,904,016 1.71 0.578 5.83
Sar 3,574,334 155,459.01 29,978 615,448 0.24 0.051 0.97
Other Eukaryota 8,897,684 397,125.34 115,858 767,206 0.59 0.230 1.16
Bacteria 159,943,278 7,241,293.43 1,143,180 19,229,912 10.53 1.610 31.51
Archaea 586,306 26,650.20 9,988 56,294 0.04 0.014 0.07
Virus 1,302,804 57,691.71 17,322 140,172 0.09 0.024 0.23

Unclassified

1,040,975,242  46,662,243.02 23,881,254 63,810,482 68.51 35.456 81.57

1.3. Sex determination

For sex determination we first applied quality filters to the reads mapped to
the G. pyrenaicus nuclear genome: pairs of concordantly aligned reads, without
supplementary alignments, and with MAPQ >20. A high proportion of reads
was retained (Table S7), with a weighted average of 99.14%. This indicates that,
overall, most of the reads aligned to the G. pyrenaicus nuclear genome were of
high quality.
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Based on these filtered data, depth of coverage ratios (Y:NG) were O in 8 samples, due
to the absence of reads aligned to the Y chromosome, classifying them as female. In the
remaining 15 samples, Y:NG values ranged between 0.54 and 0.80, classifying them
as male (Figure 16). The maximum Y:NG ratio (0.80) was observed in sample BC3876,
based on the alignment of only 12 reads to the Y chromosome. This sample also had
a low number of reads aligned to the nuclear genome (135,168 high-quality reads),
but it resulted in a sufficient depth ratio for classification as male, demonstrating
the method's sensitivity even in samples with a low read count. In contrast, sample
BC2865, classified as female, showed the highest number of reads among all samples,
with 38,632,796 high-quality reads aligned to the nuclear genome, without any aligning
to the Y chromosome. This result highlights the accuracy of the sex determination
method based on Bowtie2 alignments and the applied quality filters.
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1.4. Population structure analysis

The PCA based on genotype probabilities showed a clear separation between the
subpopulations (Figure 17). PC1 separated the subpopulations according to the rivers
where they are distributed: Aravalle-Endrinal, Becedillas and Adaja, with Adaja being
the most geographically distant. Meanwhile, PC2 distinguished the subpopulations
from the sub-basins of the Aravalle river: Aravalle and Endrinal. In general,
individuals grouped according to their subpopulation of origin and consistently with
their geographic location, indicating the existence of low connectivity and structure
among the subpopulations. However, the BC2865 sample from Endrinal showed
greater affinity with the Aravalle group than with the Endrinal group, which could be
due to the dispersal of this individual from Aravalle to Endrinal, indicating that these
populations still maintain some level of connectivity.

the Adaja population being the only one to present a unique haplotype.

Figure 18. Mitochondrial
Phylogenetic Tree.

The subpopulation of each sample
is indicated. The scale is in
substitutions per site.
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1.6. Taxonomic classification of diet and parasites

The newly developed pipeline (Figure 13c, 14) enabled the assembly of 13,016
consensus sequences through the sequential mapping of the exogenous reads to
four eukaryotic databases (Table 2). Specifically, 2,797 consensus sequences were
obtained from the Mit11 database, 5,924 sequences from Silva 18S, 3,183 sequences
from Silva 28S, and 1,112 sequences from BOLD.

Table 2. Datab and prec ing of generated consensus sequences. The top section provides details on each database
used to generate consensus sequences: Mit11 (NCBI Mitochondrial Eukaryotes, excluding plants), Silva 18S Eukaryota, Silva 28S
Eukaryota, and BOLD Eukaryota. For each database, the table shows the total number of reference sequences it contains, the
number of consensus sequences generated from aligning exogenous reads, the eukaryotic consensus sequences obtained, those
retained after Bowtie2 and BLAST filtering (including visual curation), the number classified as diet or parasite components (%
classified relative to the total), and the total reads forming the classified consensus sequences. The bottom section summarizes
the totals for each category (combined across databases) and the percentage of retained consensus sequences at each processing
step.

Database Reference Consensus Eukaryota Retai?ed Retained Classified seq. Classified

seq. seq. seq. (Bowtie2) (BLAST) reads
Mit11 5,036,773 2,797 2,322 2,302 2,240 1,645 (58.8%) 345,416
Silva 18S Eukaryota 646,567 5,924 3,778 3,746 3,653 2,683 (45.3%) 128,858
Silva 28U Eukaryota 742,677 3,183 1,876 1,850 1,795 1,024 (32.2%) 330,820
Bold Eukaryota 9,338,938 1,112 1,060 1,060 1,056 18 (1.6%) 6,139
Total 15,764,955 13,016 9,036 8,958 8,744 5,370 811,233
% Consensus seq. - 100 69.4 68.8 67.2 4.3 -

In a first quality filtering step, we automatically eliminated a set of 3,980 consensus
sequences corresponding to sequences with the following characteristics:
taxonomy labeled as "unclassified" (57.94%) or "environmental" (7.39%), sequences
assigned by BLAST to subjects labeled as "PREDICTED" (29.95%), and sequences
classified as Bacteria (3.34%), which were not object of this part of the study. The
retained set of 9,036 sequences constituted the group of classified eukaryotic
sequences.

The second filtering step involved two main assessments: evaluating the quality
of the consensus sequences generated from Bowtie2 alignments and assessing
the quality of the alignments performed by BLAST. This resulted in removing 78
consensus sequences with more than 50X depth of coverage but that did not reach
more than 70% breadth of coverage with the reads mapped by Bowtie2, considered
to correspond to very distant reference sequences relative to those present in the
samples. Additionally, 213 sequences were filtered out due to a Total Pident lower
than 90% —meaning that less than 90% of the positions in the query (consensus
sequence) were identical to those in the subject (reference sequence) assigned
by BLAST- or due to a query coverage —query length involved in the alignment- of
less than 50%.

At this point, 47 consensus sequences were also removed as they aligned to 9
subjects visually identified as problematic, as it was impossible to precisely
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determine their origin. For instance, consensus sequences aligned to subject
EU815285.1, annotated as belonging to the Megaloptera Sialis californica, also
aligned to sequences from the nematode Mermithidae sp., a parasite of insects
(Dorrisetal.,1999). Similarly, consensus sequences aligned to subject MW384893.1,
annotated as the Hemiptera Haplaxius skarphion, also matched sequences from
a-proteobacteria, such as Candidatus Tisiphia and Rickettsia, both of which
are insect endosymbionts (Davison et al., 2022). This observation, together with
previous automatic filtering steps, highlights the issues that can be present in
sequence databases and underscores the necessity of visually inspecting and
curating these databases to avoid artefactual results.

The final set of consensus sequences after quality filtering included 8,744
sequences, representing 67.2% of the assembled consensus sequences, with the
following characteristics: an average of 132.6 reads per sequence, a length range
of 500-16,329 bp (mean 992.6 bp), a Total Pident > 90% (mean 98.98%), a query
coverage > 50% (mean 98%), and e-values ranging from O to 4.75e-57 (Table S8,
Figure S2). From this group, we identified groups of metazoans and SAR that could
belong to diet and parasite components, resulting in 5,370 consensus sequences
being considered. The remaining consensus sequences that passed the quality
filters but were not classified as part of the diet or parasites (3,374) primarily
corresponded to Viridiplantae, Fungi, Rotifera and Rhodophyta and were outside
the scope of this study.

For the description of diet and parasites, taxonomic units at various levels were
used to ensure representative and identifiable names according to the literature
of diet and parasites. These taxonomic units were then grouped into broader
categories to facilitate analysis (also at different taxonomic ranks). Taxonomic
units were further differentiated by certain ecological aspects, such as habitat type
(aquatic, aquatic-terrestrial, terrestrial) for diet, and parasitism type (endoparasite,
ectoparasite) for the detected parasites (Tables 3 and 4).

1.6.1. Classification of diet components

The proportion of different diet elements detected in each sample, based
on total depth of coverage values, is shown in Figure 19a (Table S9), along
with the overall composition in terms of abundance (calculated using
weighted average depth of coverage values across all samples) (Figure 19b)
and prevalence (number of samples in which each element was detected)
(Figure 19¢). Some global descriptive statistics are presented in Table 3.

Taking the defined taxonomic units, the diet consisted of 11 insect
orders, with Trichoptera and Ephemeroptera showing the highest
abundance at 33.5% and 19.13%, respectively. These two orders also
exhibited the highest prevalence, being present in 100% (23 samples)
and 95.7% (22 samples) of cases, respectively. Other relatively abundant
orders included Lepidoptera (4.54%; 6 samples), Diptera (4.31%; 18
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Table 3. Overall composition of the diet. This table shows the major groups of detected dietary elements, the individual elements,
their common names, their ecology based on habitat type (where Aquatic-Ter is Aquatic-Terrestrial), the total number of reads
comprising the consensus sequences assigned to these taxonomic units, their weighted average depth of coverage (average depth)
values (X) and its global percentage (%), as well as their prevalence in terms of number of samples (n) and prevalence percentage (%).

1.6.1. CLASSIFICATION OF DIET COMPONENTS

samples), and Plecoptera (4.13%; 13 samples). Although Lepidoptera
had a slightly higher abundance, its prevalence was lower, indicating
that it was concentrated in a few samples. The remaining insect orders
were detected at lower abundance levels: Hemiptera (1.17%), Coleoptera
(0.9%), Hymenoptera (0.89%), Odonata (0.51%), Orthoptera (0.23%), and
Megaloptera (0.18%). Generally, these orders exhibited low prevalence,
with the exception of Coleoptera, which was present in 14 out of the
23 samples (60.9%), indicating that it was a constant element although
always at low proportion.

Group Diet Element Common Habitat RTOtaI A;z:,atﬁe Prevalence
(taxonomic rank) (taxonomic rank) name type ea(c:‘ 7

X) (%) (n) (%)
Insecta (class) Trichoptera (order) Caddisflies Aquatic 296,312 6.59 33.5 23 100.0
Insecta (class) Ephemeroptera (order)  Mayflies Aquatic 111,578  3.77 19.1 22 95.7
Insecta (class) Plecoptera (order) Stoneflies Aquatic 12,099 0.81 41 13 56.5
Insecta (class) Odonata (order) Dragonflies & damselflies  Aquatic 1,079 0.0 0.5 4 17.4
Insecta (class) Megaloptera (order) Alderflies Aquatic 348 0.04 0.2 2 8.7
Insecta (class) Diptera (order) Flies Aquatic-Ter. 9,632 0.85 4.3 18 78.3
Insecta (class) Hemiptera (order) Bugs Aquatic-Ter. 2,359 0.23 1.2 7 30.4
Insecta (class) Coleoptera (order) Beetles Aquatic-Ter. 2,574 0.8 0.9 14 60.9
Insecta (class) Lepidoptera (order) Butterflies & moths Terrestrial 618 0.89 4.5 6 26.1
Insecta (class) Hymenoptera (order) Wasps, ants & bees Terrestrial 388 0.17 0.9 5 21.7
Insecta (class) Orthoptera (order) Grasshoppers & crickets  Terrestrial 1,260 0.04 0.2 5 21.7
Platyhelminthes (phylum) Tricladida (order) Planarians Aquatic 13,161 5.01 25.4 18 78.3
Nematomorpha (phylum)  Gordioida (class) Horsehair worms Aquatic 493 0.29 1.5 7 30.4
Mollusca (phylum) Bivalvia (class) Bivalves Aquatic 1 0.02 0.1 1 4.3
Mollusca (phylum) Gastropoda (class) Slugs & snails Aquatic-Ter. 17 0.05 0.3 2 8.7
Annelida (phylum) Oligochaeta (subclass)  Earthworm Aquatic-Ter. 17 0.01 0.0 1 4.3
Crustacea (subphylum) Isopoda (order) Woodlice Terrestrial 47 012 0.6 1 4.3
Arachnida (class) Araneae (order) Spiders Terrestrial 208 0.13 0.6 3 13.0
Arachnida (class) Opiliones (order) Harvestmen Terrestrial 92 0.08 0.4 1 4.3
Actinopterygii Salmoniformes (order)  Salmons & trouts Aquatic 279 0.24 1.2 6 26.1
(superclass)
Amphibia (class) Caudata (order) Salamanders Aquatic 1,760 0.06 0.3 1 4.3
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Other invertebrate groups detected included the planarians (Tricladida),
with a notable high abundance of 25.43%, placing it second overall, and a
high prevalence, appearing in 18 samples (78.3%). The other groups were
detected at considerably lower abundance levels, with the Nematomorpha
Gordioida standing out, present in 7 samples with an abundance of 1.48%.
The remaining groups had lower abundances and were found in 1 to 3
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Figure 19. Diet Composition.
(a) Proportion of each diet element in each sample based on its total depth of coverage value. (b) Comparison of the
abundance of each diet element, represented by the weighted mean depth of coverage for each element across all samples
(left axis), and its cumulative percentage (right axis). (c) Prevalence of each diet element, represented in decreasing order.
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o

samples each. These included the arachnids Araneae (0.64%) and Opiliones
(0.42%), the crustacean Isopoda (0.61%), the mollusks Gastropoda (0.28%)
and Bivalvia (0.10%), and the annelid Oligochaeta (0.05%). Additionally,
two vertebrate groups were detected. Salmoniformes was present in 6
samples and Caudata was found in one sample. Regarding the habitat type
of detected prey, 86% were aquatic, 7.3% were terrestrial, and 6.7% were
groups with both aquatic and terrestrial representatives.

~
o

Parasite
Sarcoptiformes
Mesostigmata

. Trombidiformes

Parasite Composition (%)
o
g

Rhabditida

1.6.2. Identification of parasites Rhabditida
B Vermithida
. Cestoda
Regarding parasites, the taxonomic classification of the consensus B Coccidia
sequences generated revealed the presence of several groups of o
endoparasites and ectoparasites (Figure 20, Table S10). Among the
endoparasites, apicomplexans from the subclass Coccidia were the most
abundant. This parasite group was detected in all samples (23/23, 100%)
(Table 4). To a lesser extent, metazoan endoparasites were identified.
The flatworm of the class Cestoda was present only in one sample. Y2 22 RE 88883822 888828S8
H H . H Hr N N N N N N N N N N N N N N (] ™ o0 9] 0 ™ 2] ™ [
Similarly, nematodes from the orders Mermithida and Rhabditida were S0 0000883888809888883880838 380
detected, with lower global abundances of 1.58% and 0.74%, respectively, Sample
although they showed notable proportions at the individual sample level.
The nematode Mermithida was detected in two samples (prevalence of
8.7%) and the Nematode Rhabditida was present only in one sample.
. . . . b [¢]
Regarding ectoparasites, these were represented by mite orders (Acari). ®) 100 ©) 5
Trombidiformes was in four samples. Mesostigmata was detected in only . 22
. . 20
one sample and Sarcoptiformes in three. - o o
° 75 3
83 5 g 16
2 5 5
Q_ 50 ;E g 12
% 2 § & 10
= 5] 8
=) ) 6
Table 4. Taxonomic units identified as parasites. This table presents the major groups of identified parasites, the corresponding § 1 2 g 4
taxonomic units they contain, their common names, their ecology based on the type of parasitism, the total number of reads 5
comprising the consensus sequences assigned to these taxonomic units, their weighted average depth of coverage (Average Depth)
values (X) and its global percentage (%), as well as their prevalence in terms of the number of samples (n) and prevalence percentage 0 © » < » - © 0 0 © » » © © ©
%). s g % ® g T % ke £ E £ 8
e & ¥ © S E 3 S S S E 3 o
S 3 &8 3 3 § B S 3 3 § © %
Average £ 2 3 = x© £ 3 = 2
Group Parasite Parasitism Total Depth Prevalence
. . Common name
(taxonomic rank) (taxonomic rank) type Reads (n)
(X) (%) | (n) (%)
. o o - Figure 20. Parasites detected.
Apicomplexa (phylum) Coccidia (subclass) Coccidia Endoparasites 349017 451 7449 23 1000 (a) Proportion of each parasite in each sample based on its total depth of coverage value. (b) Comparison of the abundance
Platyhelminthes (phylum)  Cestoda (class) Tapeworms Endoparasites 1908 048 795 1 43 of each Parasite, represe.nted b)./ the weighted mean depth of cc?verage for each felement a(}ross all samples (left axis), and its
cumulative percentage (right axis). (c) Prevalence of each parasite, represented in decreasing order.
Nematoda (phylum) Mermithida (order) Roundworms Endoparasites 103 0.10 1.58 2 8.7
Nematoda (phylum) Rhabditida (order) Roundworms Endoparasites 19 0.04 0.74 1 4.3
Acari (subclass) Trombidiformes (order)  Mites Ectoparasites 643 0.57 9.48 4 17.4
%’ Acari (subclass) Mesostigmata (order) Mites Ectoparasites 642 0.19 3.12 1 4.3
>
@ Acari (subclass) Sarcoptiformes (order)  Mites Ectoparasites 225 0.16 2.64 3 13.0
o
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1.6.3. Identification of consensus sequences at the species level

To attempt to classify consensus sequences at lower taxonomic levels,
eventually, at the species level, we applied stricter filter thresholds for breadth
of coverage (50%), Total Pident (94%) and query coverage (90%). We only
applied them to Metazoans and only to mitochondrial sequences, which are
more suitable for species-level identification (Antil et al., 2023; Elyasigorji
et al., 2023). These thresholds were exceeded by a total of 181 consensus
sequences, which were assigned to 37 species. Of these, 34 corresponded
to species of the phylum Insecta, distributed among the following orders: 11
species of Trichoptera, 6 of Coleoptera, 4 of Diptera, 4 of Ephemeroptera, 3 of
Hemiptera, 2 of Hymenoptera, 1 of Megaloptera, 1 of Odonata, 1 of Orthoptera
and 1 of Plecoptera. Additionally, 1 species of Isopoda, 1 of Tricladida, and 1 of
Caudata were also likely identified at the species level. (Table 5). To confirm
if these classifications were correct at the species level, we first considered
if the resulting species were present in the Iberian Peninsula and, second, we
analyzed the depth of coverage plots.

The presence of the species in the Iberian Peninsula was verified using the
Iberian fauna database lberfauna (http://iberfauna.mncn.csic.es/). When the
species was not found in this database, its presence at the genus level was
investigated. In only three cases, dietary elements were not described in the
Iberian Peninsula at the species level but were identified at the genus level. In
these cases, it was considered that the reads originated from a sister species
or a closely related species.

A representative example of depth of coverage plot of a likely species-level
identification is presented by the Tricladida species Polycelis felina, which
had not previously been described as part of the lberian desman's diet and
this study found in notable abundance and prevalence. The consensus
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Figure 21. Depth coverage across reference.

Consensus sequence assigned to the triclad Polycelis felina: (a) depth of coverage across the reference for a partial sequence
of the COI gene, where Max X (x-axis) indicates the length of the reference sequence; (b) the distribution of depth of coverage

values, showing the density curve estimated, the fitted normal curve, and the indicated mean value.

1
10 15 20 25 30 35 40

V. RESULTS
1. DNA COMPOSITION, ENDOGENOUS DNA, DIET AND PARASITES FROM IBERIAN DESMAN FECES
1.6. TAXONOMIC CLASSIFICATION OF DIET AND PARASITES

Table 5. Identification of consensus sequences at the species level. For each taxonomic unit, its family and species are shown,
along with the origin of the classified consensus sequences, number of consensus sequences classified for that species (Freq.),
and statistics of the longest sequence: length (bp), depth and breadth of coverage, total percent identity (Pident), and query
coverage (Query cov.). Taxa described in the Iberian Peninsula are marked with an asterisk (*). Mit: Complete or partial mitochondrial

genomes. Fragments of mitochondrial genes: COIl, Cytb, 16S+tRNA+NAD1, rrnL+trnL+NAD1, ATP6.

Longest Consensus Sequence

Ta)fonomic Family Species Origin Freq. -
Unit (n) Length Depth Breadth Pident  Query
(bp) (X) (%) (%) cov. (%)
Trichoptera Hydropsychidae = Hydropsyche ambigua* COl 5 607 3.14 93.94 100 99
Hydropsychidae  Hydropsyche fulvipes™ Mit 1 8516 8.89 56.07 98 99
Hydropsychidae  Hydropsyche siltalai* COl 18 622 6.95 96.43 100 99
Hydropsychidae  Hydropsyche tenuis™ COl 553  12.66 83.89 99 99
Limnephilidae Allogamus laureatus™ col 8 658 24.95 99.85 99 99
Limnephilidae Potamophylax cingulatus* COlI, Mit 11 12396 135.63 97.39 98 99
Limnephilidae Potamophylax latipennis*  Mit, COI 16329 339.95 98.87 99 99
Odontoceridae Odontocerum albicorne*  Mit, COI 8 14671 191.33 96.77 97 99
Philopotamidae Philopotamus montanus®  Cytb, COI 34 699 1717.29 99.57 97 100
Rhyacophilidae Rhyacophila obliterata® col 2 619 5.05 93.92 100 99
Rhyacophilidae Rhyacophila® nubila Mit 2 3303 19.48 78.99 97 99
Coleoptera Dytiscidae Agabus didymus™ Ccol 2 646 5.43 98.18 100 100
Dytiscidae Hydroporus dobrogeanus® Mit 1 2983 2.48 92.02 98 99
Dytiscidae Hydroporus pubescens* 16S+tRNA+NAD1 1 614 114 76.98 100 99
Dytiscidae Platambus™ princeps renL+trnL+NAD1 1 516 1.48 63.97 99 99
Elateridae Dalopius marginatus™ COl 2 555 11 83.74 99 99
Hydraenidae Limnebius truncatellus* COl 12 790 4.68 95.4 100 99
Diptera Chironomidae ;Ztrec;gg;fsomd"“s col 1 564 558  85.41 99 99
Chironomidae Tvetenia calvescens™ COl 8 658 18.64 100 100 100
Mycetophilidae Mycetophila marginata™ COl 1 508 1.81 77.05 99 99
Pediciidae Pedicia* albivitta Mit 1 585 9.81 78.47 98 99
Ephemeroptera Baetidae Baetis rhodani* COl 3 552 1.89 80.03 98 99
Ephemerellidae Serratella ignita® Mit 2 1213 4.47 81.93 98 99
Ephemeridae Ephemera danica* COlI, Mit 2 14750 168.11 95.04 97 99
Leptophlebiidae  Calliarcys humilis* COl 5 658 271.69 100 100 100
Hemiptera Aphididae Rhopalosiphum padi* g?tlb’A,;T; 10 10405 6.68 68.31 98 98
Cicadellidae Rhytistylus proceps* COl 1 658 8.03 100 100 100
Nepidae Nepa cinerea* COl 2 585 2.23 88.75 100 99
Hymenoptera Formicidae Myrmica sabuleti* Col 1 510 1 63.9 100 99
Formicidae Myrmica scabrinodis* Mit 2 9205 132  59.93 98 95
Megaloptera Sialidae Sialis fuliginosa* Mit 1 7606 3.5 76.15 98 98
Odonata Cordulegastridae Cordulegaster boltonii* COl 1 584 5.14 9417 95 99
Orthoptera Acrididae Omocestus panteli* COl 1 529 3.34 87.27 100 99
Plecoptera Perlodidae Isoperla grammatica* COl, Mit 18 14425 55.74 97.52 98 99
Isopoda Porcellionidae Porcellio scaber* COl 1 536 3.56 81.06 99 99
Tricladida Planariidae Polycelis felina* COl 1 555  26.01 100 95 100
Caudata Salamandridae Salamandra salamandra®  Mit 4 11604 2.54 70.91 99 99
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sequences assigned to this species originated from a partial sequence of
the mitochondrial COI gene (555 bp) (Table 5). Through the analysis of depth
of coverage across the reference, Figure 21 illustrates the alignments of the
reads that formed the consensus sequence identified as P. felina in sample
BC2989. The reads fully covered the reference sequence uniformly along its
entire length, with a typical decrease at the ends, an intrinsic characteristic
of the methodology used (Figure 21a). This resulted in a distribution with a
tendency toward normality in the depth of coverage values (Figure 21b).

Another example is provided by the identification of Salamandra salamandra
(Caudata) in sample BC2876, another element not previously identified in the
diet of the Iberian desman. In this case, the longest sequence was constructed
from 279 reads aligned to the mitochondrial reference genome of 16,331 bp,
covering 70.91% of it (Table 5). Although the mapped reads do not completely
cover the reference sequence, the alignment profile analysis shows that they
are homogeneously distributed (Figure S3).
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2. SPECIES-LEVEL IDENTIFICATION OF BACTERIAL PATHOGENS

The following results correspond to specific objective 9.

2.1. Species-level identification of Yersinia species

To evaluate the mapping approach for identifying closely related bacterial species, we
first used the Bowtie2 aligner (end-to-end mode) to map reads from the exogenous
set of each sample against the genomes of 26 Yersinia species (Table S11), with a
Bowtie2 database constructed for each genome (Figure 13d).

Traditional species identification often relies on the number of mapped reads.
However, coverage plots across the genome revealed that certain regions, either
because they are highly conserved among different species in the sample or because
they are repetitive, tend to accumulate a large number of reads, while the rest of the
genome maps any read. This is illustrated in Figure 22, which compares the mappings
of two samples, BC3903 and BC3345b, to the Yersinia aldovae genome. Sample
BC3903, with 12,378 reads, showed a mostly even distribution of reads across the
genome, as expected for the mapping of reads in the genome of the same species.
In contrast, BC3345, with a similar number of reads (13,790), showed extremely high
coverage in certain regions (up to ~250X), while most regions of the genome were
not covered by reads, suggesting that Y. aldovae is not present in this sample. Similar
contrasting examples are shown in Figure S4. Therefore, direct application of the
number of mapped reads to species identification may lead to false positives.

Given the large number of unspecific reads mapped, we found that the breadth of
coverage was a more reliable parameter for species identification than the total
number of reads. For example, in the previous example, sample BC3903 had 19.03%
of its genome covered by at least one read, strongly suggesting the presence of
Y. aldovae or a close relative, whereas BC3345 had only 1.5% covered (Figure 22
and Table S11), despite having a similar number of mapped reads. However, setting a
threshold for the percent coverage for positive identification is not straightforward.
According to initial analyses of Yersinia and other species, we explored the
performance of two different thresholds for species identification: a first threshold
at =3% coverage and a second at =2% coverage (corresponding to ~139 kb and 92 kb
of an average Yersinia genome covered, respectively).

Using the stricter 3% threshold, we identified 13 instances of 5 distinct Yersinia species
(Figure 23a). Y. intermedia had the highest prevalence, being detected in 9 samples,
while Y. aldovae, Y. entomophaga, Y. nurmii,and Y. ruckeri were found in only one sample
each. Percent coverages of these 13 identifications ranged from 3.35 to 45.38% of the
genome, which perfectly correlated with number of mapped reads (Table S11). The mean
MAPQ values for the mapped reads of the positive identifications were close to the
maximum value (ranging from 40.66 to 41.89), meaning that most reads were perfectly
aligned in the correct position in the reference genome used. Lowering the threshold
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Fifgure 23. Identification of Yersinia species in 23 samples of Iberian desman and evaluation of read sharing of multiple
species found in a single sample. (a) Species identification according to the percentage of the genome covered by mapped
reads. (b) Venn diagram comparing reads assigned to four Yersinia species in sample BC3876, showing shared reads

(intersections) and unique reads (non-intersecting areas) for each species.

(Figure Sba). However, all other three species were consistently detected in the same
sample in both analyses, which, together with the low number of shared reads among
the three species, suggests that all three are likely present in the sample.

Figure 22. Comparison of depth of coverage across the reference genome of Yersinia aldovae and the corresponding

depth of coverage barplots for two samples of Iberian desman. (a) coverage across the reference genome in 4,000
windows and (b) coverage barplot for the BC3903 sample, in which 12,378 reads were assigned, resulting in a mean
depth coverage of 0.41X and a breadth of coverage of 19.03%. (c) coverage across the reference genome and (d) coverage
barplot for the BC3345 sample, in which 13,790 reads were assigned, resulting in a mean depth coverage of 0.46X and a
breadth of coverage of 1.5%. In (a) and (c), windows with zero coverage are not plotted. Note the different coverage scales
in (a) and (c).

to 2% genome coverage resulted in three additional identifications (Figure 23a). The
previously found species Y. intermedia was detected in one additional sample, and two
new species, Y. alsatica and Y. enterocolitica, were detected in only one sample each.
Similar identification results were obtained when using a combined Bowtie2 database
with all Yersinia species (Figure S5a). However, three of the detections were missing,
likely indicating fewer unspecific mapped reads with combined databases. We also
verified that the percent coverage was very similar when positions with extreme depth
of coverage were filtered out, resulting in the same identifications.

In sample BC3876, where four Yersinia species were identified, we used a Venn
diagram to compare mapped reads and assess whether all four species were
actually present in the sample. We found that each species had a significant number
of unique reads, with the only exception of Y. entomophaga and Y. nurmii, which
shared a substantial number of reads (1,660, representing 18% of the reads mapped
to Y. nurmii; Figure 23b). The analysis with the combined database including all
Yersinia species corroborated this finding, as Y. nurmii was not positive in BC3876

2.2. Verification of the identification criterion by comparison with other
mapping tools

To verify the mappings obtained with the default Bowtie2 end-to-end algorithm,
we compared them with those generated using Bowtie2 in local mode, BWA-
mem, and BWA-aln. For all samples, BWA-mem reached high mapping rates
(e.g., an average of 270,298 reads aligned to Y. intermedia, compared to 6,511,
6,459, and 7,540 reads for Bowtie2 end-to-end, Bowtie2 local, and BWA-aln,
respectively) and also higher breadth of coverage values. This was achieved
mostly by reducing both read length and insert size, indicating that this mapping
algorithm, in its default configuration, exhibits less stringent behavior and has
no discrimination power at the species level. As for the other three algorithms,
the number of reads mapped to each sample and the breadth of coverage values
were similar (Figure 24 shows the results for Y. intermedia). BWA-aln achieved a
higher number of mapped reads, although a consistent pattern was maintained
for the three methods across all samples. Consequently, the determination of the
Yersinia species was similar for these three methods, with both Bowtie2 algorithms
giving identical identifications and BWA-aln giving some additional positives
(Figures S5b and Sb5c). However, the results would also be equivalent for the
latter method if the breath of coverage thresholds used for positive identification
were raised slightly. Therefore, the three stringent mapping algorithms showed
similar performance in species identification.
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Figure 24. Comparison of different mapping tools (Bowtie 2 end-to-end, Bowtie 2 local, and BWA-aln) using the Yersinia
intermedia genome as an example. (a) Number of reads aligned to each sample by each mapping tool. (b) Percent of the
genome covered achieved by each mapping tool.

2.3. Application to the detection of pathogenic bacterial species

Due to its consistent performance, the Bowtie2 end-to-end algorithm was used
in conjunction with the single-species databases for the pathogenic bacteria
identification. Using the more stringent 3% genome coverage threshold, we
identified 57 instances of pathogenic species belonging to 19 different species
(Figure 25). Table 6 details these 19 bacterial species, their associated pathologies,
and other relevant wildlife species in which these pathogens were found. The most
frequently detected species were Acinetobacter baumannii and Fusobacterium
necrophorum, each found in 7 samples. Samples BC2381 and BC2934 had the
highest number of pathogenic species, with 14 and 8 species, respectively. Notably,
all but 7 samples were found to contain at least one pathogen. Percent coverages
started at 3.29% and were as high as 91.74% for Shigella sonnei in one sample.
The mean MAPQ values for the positive identifications were close to the maximum
(ranging from 40.95 to 41.98). When the threshold was lowered to 2% coverage, 19
additional identifications were obtained. However, many of these corresponded to
species detected in only one sample (Figure 25). A similar identification pattern
was observed when all genomes were analyzed using a combined Bowtie2
database, although the total number of identifications was reduced to 50 with
the 3% threshold, and only 7 additional identifications were obtained with the 2%
threshold (Figure S6).

Species

Acinetobacter baumannii
Actinobacillus lignieresii
. Aeromonas hydrophila

BC2042
BC2045
BC2280
BC2360
BC2378
BC2381
BC2408
BC2416

BC2765

BC2856

BC3015

BC3267

BC3343

BC3345

BC3876
BC3895

BC3899

BC3903

BC3906
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sobria

A veronii

I

Anaplasma marginale
Anaplasma phagocytophilum
Bacillus anthracis
Bacillus cereus
Bartonella bacilliformis
Bartonella henselae
Bartonella quintana
Bordetella pertussis
Borrelia afzelii

Borrelia burgdorferi
Borrelia garinii

Brucella abortus
Brucella melitensis
Brucella microti
Brucella neotomae
Brucella ovis

Brucella suis
Burkholderia cepacia
Burkholderia pseudomallei
Campylobacter coli
Campylobacter fetus
Campylobacter jejuni
Chlamydia psittaci
Chlamydia trachomatis
Citrobacter freundii
Clostridioides difficile
Clostridium botulinum
Clostridium chauvoei
Clostridium histolyticum
Clostridium novyi
Clostridium perfringens
Clostridium i

Clostridium tetani
Corynebacterium diphtheriae
Corynebacterium striatum
Coxiella burnetii
Edwardsiella ictaluri
Edwardsiella piscicida
Edwardsiella tarda
Elizabethkingia anophelis
Enterobacter asburiae
Enterobacter bugandensis
Enterobacter cancerogenus
Enterobacter chengduensis
Enterobacter chuandaensis
Enterobacter cloacae
Enterobacter hormaechei
Enterobacter kobei
Enterobacter ludwigii
Enterobacter mori
Enterobacter oligotrophicus
Enterobacter roggenkampii
Enterobacter sichuanensis
Enterobacter soli

faecalis

Enterococcus faecium
Enterococcus hirae
Escherichia coli
Flavobacterium psychrophilum
Francisella tularensis
Fusobacterium necrophorum
Haemophilus influenzae
Helicobacter pylori

Ki i oxytoca

Klebsiella pneumoniae
Kluyvera intermedia

Kosakonia oryzendophytica
Kosakonia oryziphila
Legionella pneumophila
Leptospira interrogans

Listeria innocua

Listeria ivanovii

Listeria monocytogenes
Listeria seeligeri

Mannheimia haemolytica
Mesomycoplasma conjunctivae
Mesomycoplasma hyopneumoniae

g morganii
Mycobacterium bovis
Mycobacterium caprae
Mycobacterium microti
Mycobacterium tuberculosis
Mycoplasma mycoides
Mycoplasmoides pneumoniae
Mycoplasmopsis agalactia

Neisseria gonorrhoeae
Neisseria lactamica
Neisseria meningitidis
Neisseria polysaccharea
Pasteurella multocida
Photobacterium

Phytobacter massiliensis
Pluralibacter gergoviae
Providencia alcalifaciens

P aerug

utida

'y

Rickettsia conorii
Rickettsia monacensis
Rickettsia prowazekii
Rickettsia rickettsii

Ri typhi
Salmonella bongori
Salmonella enterica

Serratia

Shewanella algae

Shigella dysenteriae

higella flexneri

Shigella sonnei
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Figure 25. |dentification of 136
bacterial species in 23 samples
of Iberian desman. Species
were identified according to
the percentage of the genome
covered by mapped reads.
Species with coverage greater
than 3% are shown in bold for
clarity
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RESULTS

Table 6. Bacterial species found in Iberian desman feces with the threshold of 3% of the genome covered by mapped reads.
For each species, its prevalence and a brief description of associated pathologies as found in different sources are given. In
addition, examples of other relevant wildlife species in which the bacterial species has been found are given.

Bacterial species

Prevalence Associated pathologies

Examples of wildlife species where
the bacterial species was found

Acinetobacter

Opportunistic infections, pneumonia,

baumannii 7 bloodstream infections, meningitis European mink (Cano-Terriza et al., 2017)
Aeromonas 3 Furunculosis in fish, particularly salmonids Salmonids (Austin & Austin, 2016);
salmonicida P Y Lamprey (Diamanka et al., 2014)
Aeromonas sobria 1 Woun_d mf(.actl.ons and gastrointestinal Fish (Austin & Austin, 2016)

infections in fish

.. Wound infections, diarrhea, and sepsis Fish (Austin & Austin, 2016); Pond turtle

Aeromonas veronii 5 oo

in fish (Guz et al., 2021)
Clost_r:dlum 9 Food p_0|son|ng, gas gangrene, enteritis Eurasian otter (Rohner et al., 2022)
perfringens necroticans.
Clos.trldlum 1 Gas gangrene
septicum
Enterobacter ludwigii 6 In humans, ca_lthete_r associated

bloodstream infections
Enterqcoccus 9 In human§, urln:.:)ry t.r:.:lct |nfect|on.s,. Beaver (Laukova et al., 2015)
faecalis bacteremia, peritonitis, endocarditis

In humans. diarrhea. urinary tract Eurasian otter, Pond slider, American
Escherichia coli 3 infections !se sis m,enin it)i/s mink (Vulfson et al., 2001; Rohner et al.,

 Sepsis, g 2022; Mengistu et al., 2022)
Fusobacterium 7 Hoof disease in horses, lameness in
necrophorum sheep, liver abscesses in cattle
Klebsiella oxytoca 1 In humans, opportunistic infections Pond slider (Mengistu et al., 2022)
" In humans, post-operative wound and Pond slider, American mink (Mengistu et

Morganella morganii 4 urinary tract infections al., 2022)
Pseudomonas 1 Obbortunistic infections Pond slider (Mengistu et al., 2022);
aeruginosa PP American mink (Bai et al., 2023)
Pseudomonas putida 2 Opportunistic infections, ulceration in fish  Fish (Ardura et al., 2013)
Serratia marcescens 2 Opportunistic infections
Shigella dysenteriae 3 Shigellosis (Dysentery)
Shigella flexneri 3 Shigellosis (Dysentery)
Shigella sonnei 3 Shigellosis (Dysentery)

Yersinia ruckeri

Enteric redmouth disease in salmonids

Salmonids (Austin & Austin, 2016); Fish,
Muskrat (Pajdak-Czaus et al., 2019)
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In four cases where species of the same genus or closely related species were
detected in a single sample, we used Venn diagrams to check species identification
accuracy. For instance, three Aeromonas species were detected in sample BC3876
with each having a significant number of unique reads, confirming the likely presence
of the three species in this sample (Figure S7). Samples where only one or two of the
three species were assigned support this result. Conversely, Escherichia coli and
the three species of the genus Shigella, which are four very closely related species
(Chattaway et al., 2017), coincided in three samples, but the Venn diagram shows
that these species share most reads (Figure S7). When all genomes were analyzed in
a combined database, only one sample was positive for these four species whereas
the other two samples were negative for the four bacteria (Figure S6). Thus, in
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PC2 (16.4%)

analyses of very closely related species, read sharing due to unspecific mappings
is found when using separate databases, whereas loss of read mappings due to
ambiguous mapping and low MAPQ values occur in combined databases.

2.4. Overall health assessment of the Iberian desman population

A PCA based on the breadth of coverage showed that most of the Iberian desman
samples clustered together, with several outliers clearly defined (Figure 26). In
particular, samples BC2381 and BC2934, previously mentioned as having the
highest number of pathogenic bacterial species, are appreciably separated from the
main group. Other outliers in the plot (BC3876, BC2045 and BC2378) show varying
numbers of assigned pathogenic species, although they generally had a high number
of pathogens with a high breadth of coverage. Four of the desmans with atypical
values were from the Endrinal, while one belonged to the Adaja hydrological unit
(Table S1).

Figure 26. Principal Component

BC2381
e 4 Analysis based on breadth of
coverage of each pathogenic
bacterial species in the 23 Iberian
desman samples. The sample
w names of outliers are indicated.
BC2378 The percentage of variance
‘ BC2045 explained by each principal
1 rae component (PC1and PC2) is
e ’ ¢ BC3876 shown on the corresponding axis.
v |
|
'OT - | Subpopulation
@ Aravalle
Endrinal
© ¢ Adaja
= - | M Becedillas BC2934 ¢
T T T T T
0 5 10 15 20

PC1 (35.32%)
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NOVEL BIOINFORMATIC METHODS FOR THE METAGENOMIC ANALYSIS OF NON-IN-
VASIVE SAMPLES FROM THE ENDANGERED SPECIES GALEMYS PYRENAICUS:
MONITORING POPULATION GENOMICS, ECOLOGY, AND HEALTH

Vi
DISCUSSION

Fresh fecal samples from Galemys pyrenaicus proved to be a valuable source of DNA,
which, in combination with shotgun metagenomics sequencing, enabled the acquisition
of both endogenous and exogenous genomic information. This approach facilitated the
analysis of population characteristics of the species and key aspects of its ecological
interactions. These findings highlight the potential of such minimally invasive samples for
studying endangered species, providing crucial information for their management.

The focus of this work was on developing a bioinformatic pipeline that enabled the
separation of the initial metagenomic sequences into different sources and the analysis
of each set. It was demonstrated that endogenous DNA was sufficient for reconstructing
complete mitochondrial genomes and obtaining low-coverage nuclear genome sequences,
which facilitated genomic analyses. Additionally, a new methodology was developed for the
taxonomic classification of exogenous metagenomic sequences, using various reference
databases to describe the overall fecal content, as well as to identify diet components
and parasites that may affect the health of this species. This pipeline made use of existing
database information, consisting mainly of partial sequences of commonly used nuclear
and mitochondrial genes for taxonomic species classification. For the identification of
pathogenic bacteria in the feces of the Iberian desman, the bioinformatic approach focused
on precise species-level classification, using a methodology adapted to the available
complete reference genomes for these organisms.
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1.1. DNA composition of fresh fecal samples

Metagenomic analysis of the DNA content present in the fresh feces of G. pyrenaicus
allowed us to assess its potential as a valuable DNA source for genomic studies
relevant to the conservation of this species. Using fresh feces overcame two of
the most critical challenges associated with non-invasive samples. First, DNA of
sufficient quantity and quality was obtained. Furthermore, this approach minimized
contamination with environmental DNA, reducing artifacts in the results and
ensuring more reliable data for genomic and metagenomic analyses (Hawlitschek et
al., 2018; Oliveros et al., 2023).

The use of fresh feces avoided the need for enrichment steps of endogenous DNA,
achieving amounts similar to those reported in recent studies using metagenomic
approaches onthe feces of wild animals. The average proportion of nuclear endogenous
DNA obtained in our study was 9.32% (Table 1), comparable to the values reported
by de Flamingh et al. (2023) for thirteen samples collected from fresh elephant (L.
africana) feces, which achieved an average of 12.41%. Additionally, we achieved similar
averages for depth and breadth of coverage, with values of 0.49X and 19.81% (Table S5),
respectively, compared to the 0.36X and 21.11% reported by de Flamingh et al. (2023).
Notably, while the maximum breadth of coverage recorded by de Flamingh et al. (2023)
was 35.98%, our results achieved nearly 80% coverage of the nuclear genome of
G. pyrenaicus for one sample, with several samples exceeding 20% (Table S5).

On the other hand, Taylor et al. (2022) achieved a higher mean, with 30.87%
endogenous DNA obtained from caribou (Rangifer tarandus) feces. This result may
have been due to the careful selection of samples used, as they processed only four
samples, and the range of values obtained varied significantly, from 5.81% to 59.71%.
This aligns with the considerable variation observed in our results (Figure 15), where
six samples achieved nuclear DNA amounts of G. pyrenaicus close to or above 20%
(Table S5). In any case, all values obtained by metagenomics are much higher than
those calculated in the first attempts to shotgun sequence fecal DNA, where only 1%
of the reads were found to be endogenous (Perry et al. 2010).

The proportion of mitochondrial endogenous DNA we obtained was also similar
to that reported by de Flamingh et al. (2023), representing a substantially smaller
quantity compared to nuclear DNA. However, in our case, we achieved a higher
recovery of mitochondrial reads, with an average of 0.03% (Table 1) and mean depth
and breadth of coverage of 154.25X and 99.40% (Table Sb), respectively, compared
to the average mitochondrial reads of 0.00006% and mean depth and breadth of
coverage of 79.4X and 99.90%, respectively, reported by de Flamingh et al. (2023).
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At the same time, the use of fresh samples prevented the proliferation of
bacterial DNA and unclassified sequences, as documented by de Flamingh et al.
(2023). However, the number of unclassified sequences represented a significant
fraction (68.51%) of the total DNA in our study (Table 1), although consistent
with the studies cited previously (de Flamingh et al., 2023; Taylor et al., 2022).
A considerable portion of these reads may be related to the degradation state
of the DNA present in the feces, as it has been demonstrated that the digestive
process prior to defecation affects its quality (Paula et al., 2015). Moreover, the
fraction of unclassified reads may be related to the representation bias in the
database. The RefSeq database used in this study (V208) contained only 4%
of invertebrate species relative to the total species represented, while bacteria
accounted for 59%. This disparity remains evident in the latest version of RefSeq
(V227) (ftp.ncbi.nim.nih.gov/refseq/release/release-notes/archive/). Although
the number of invertebrate species nearly doubled compared to V208 (from 4714
to 8381), they now represent only 5% of the total, in contrast to 57% for bacteria.
Since invertebrates constitute the main diet components of G. pyrenaicus,
improved representation of this group in databases is expected to contribute to
a higher number of classified reads. The influence of database completeness on
metagenomic results has already been well documented (Wright et al., 2023), as
well as the need for more reference genomes from across the entire tree of life
(Theissinger et al., 2023).

Nevertheless, a considerable proportion of reads of metazoan origin (8.75% of the
total number of reads) has been classified, as well as those of bacterial origin
(10.63%), which together with endogenous nuclear DNA constitute the three
main sources of DNA present in feces (Table 1). These results support the use of
shotgun metagenomics without enrichment steps to enable both analyses based
on endogenous DNA and those based on exogenous DNA, thereby maximizing the
information that can be obtained with this method.

1.2. Use of endogenous DNA in population genomic studies

In our work, endogenous DNA at the whole-genome scale, combined with
bioinformatic methods optimized for low-coverage data (Korneliussen et al.,
2014), demonstrated great potential for conducting population structure analyses
of the Iberian desman and evaluating connectivity between subpopulations.
Through PCA analysis (Figure 17), population structure was assessed, identifying
four groups based on the sub-basins from which the individuals originated, with
genetic affinities between subpopulations consistent with their geographical
distance. While this method generally provides information on ancient migration
patterns, a recent dispersal event was also detected from Aravalle to Endrinal,
corresponding to individual BC2865, identified as a female based on sex
determination using depth of coverage values (Table S7, Figure 16). This pattern
of structuring tied to river of origin was also observed in G. pyrenaicus by
Escoda et al. (2017) using ddRAD data, where low levels of contemporary inter-
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river dispersal compared to intra-river dispersal were also observed based on
relatedness networks, showing that desmans rarely move between different
river basins. This was associated with the philopatric behavior of both males and
females and the high levels of inbreeding characteristic of the species (Escoda
et al., 2017). However, philopatric behavior does not exclude the possibility of
some long-distance exploratory movements in desmans, possibly associated
with changes in their habitat (Gillet et al., 2016).

Furthermore, phylogenetic analyses were conducted on the reconstructed complete
mitochondrial genomes (Figure 18). As expected for the mitochondrial genome, the
tree did not show sufficient resolution to address the fine-scale geographic patterns
examined in this study, but it could be very useful for future studies of the entire
species range. Taken together, these approaches collectively highlight the versatility
and applicability of metagenomic methodologies in genomic studies relevant to
conservation efforts. Future research should explore whether analyses of admixture,
gene flow, and kinship relationships, among others, using genotype probabilities, are
feasible with this type of data.

1.3. New method for the classification of diet elements and parasites using
metagenomic data

The method developed (Figures 13 and 14) for the identification of dietary elements
and parasites aimed to maximize the information present in feces while ensuring
accuracy in taxonomic assignments. Several features of the method accounted for
its effectiveness in obtaining the results.

The use of Bowtie2 enabled high-quality alignments of the primary reads and the
generation of a large number of consensus sequences larger than 500 bp, allowing
for more precise identifications compared to those obtained through the direct
classification of the reads or of shorter sequences used in other studies, for example,
in dietary studies of the Iberian desman through metabarcoding (Biffi et al., 2017;
Gillet et al., 2015; Hawlitschek et al., 2018). Additionally, the generation of consensus
sequences allowed us to use of depth of coverage as an abundance parameter,
in relation to the length of the reference sequence where the reads map, and to
account for representation bias in the databases, given that a more represented
taxon could achieve a higher number of mapped reads. The calculation performed
here for estimating abundance also provided a more accurate value compared to the
direct counting of reads, which is typically used (Chua et al., 2021; Srivathsan et al.,
2015, 2016).

The reference databases used take advantage of two key features. First, the higher
number of copies of mitochondrial genomes and ribosomal genes, which ensures a
good fraction of these DNA fractions in the sequencing data (Andrews et al., 2018).
Second, they are well represented in the databases, especially because they are
used as barcodes or phylogenetic markers due to their discriminatory power among
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taxa. To maximize the effectiveness of the analysis, four different databases were
used for this purpose.

The mitochondrial sequence database was constructed with different mitochondrial
fragmentsand genomes used in taxonomicidentification, with the aim of diversifying
the markers to be used and not centering classifications on a single locus, such as
COl. Mitochondrial sequences are generally used for metazoan identification (Antil
et al., 2023). The SILVA database (Quast et al., 2013) contributed ribosomal markers
of nuclear origin, and was specifically incorporated because it has many markers
commonly used in identification of nematodes, flatworms, and protists (Antil et
al., 2023; Kounosu et al., 2019). Additionally, BOLD (Ratnasingham & Hebert, 2007)
was included as a complement, providing sequences absent in the other databases,
including both mitochondrial and ribosomal markers. These four databases served
as references for sequence mapping, but taxonomic classification was performed
using the latest version (as of October 2024) of the BLAST Core_nt database from
NCBI (Sayers et al., 2025) to unify taxonomy, standardize e-value comparisons,
and serve as a double-check to verify the quality of consensus sequences. For
example, the use of this database allowed the detection of errors originating
from chimeric reference sequences formed by eukaryotic consensus sequences
contaminated with bacterial sequences. These errors could be identified because
the BLAST Core_nt database contains reference sequences from all three domains,
including Bacteria, which were excluded from the primary databases to optimize
computational efficiency.

Thus, the novel pipeline took advantages of the combined use of Bowtie2 (Langmead
& Salzberg, 2012) and BLAST (Altschul et al., 1990). It allowed for the rapid and precise
alignment of the large volume of reads with Bowtie2 and, through the key step of
generating consensus sequences, overcame one of BLAST's main limitations by
reducing its processing time (Breitwieser et al., 2019), making it possible to leverage
the sensitivity and accuracy of this powerful sequence search tool.

1.4. Taxonomic identification parameters

A commonly used criterion for species-level identification, particularly in
metabarcoding studies, is 98% identity between reads and reference sequences
(Biffi et al., 2017; Esnaola, Arrizabalaga-Escudero, et al., 2018; Gillet et al., 2015).
If the sequence does not achieve this value, it is considered as not classified.
Although this criterion is mainly applied to the COI gene, its use has been extended
to other markers. However, this fixed threshold can result in low assignment rates
depending on the representation of the database used. For this reason, incorporating
higher taxonomic levels helps increase classified sequences and provides more
representative results of the diversity in the samples.

Assignments to higher taxonomic levels are primarily based on relaxing the required
percentage of identity. For example, for insect orders, 93% identity is considered
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sufficient to make reliable assignments with COIl gene fragments of 157 bp and
16S rDNA fragments of 106 bp (Alberdi et al., 2018). In our case, the use of longer
queries (> 500 bp) increased the reliability of alignments (Alberdi et al., 2019),
allowing the identity threshold to be relaxed to 90%. Nonetheless, the vast majority
of identifications recorded 100% identity (Figure S2).

This relaxation of the percent identity threshold was coupled with the incorporation
of query coverage as additional quality parameter. With a threshold of 50% query
coverage, it was required that at least 250 bp participate in the alignment, although
in the vast majority of the assignments 99% of the query sequence was involved
(Figure S2). In contrast, other studies have used thresholds of only 50 to 100 bp of
overlap, employing various markers such as COI, 18S, and 28S rDNA, chloroplast
markers (rbcL, matK, trnL-F, and trnH-psbA), and nuclear markers ITS1 and ITS2
(Chua et al., 2021; Srivathsan et al., 2015, 2016)

These parameters allowed for the identification and description of diet and parasites
at various higher taxonomic levels. To assess the possibility of making species-
level assignments, stricter criteria were applied. In addition, we used exclusively
mitochondrial reference sequences due to their higher evolution rates and therefore
better discrimination between closely related species (Antil et al., 2023; Elyasigorji
et al., 2023; Gissi et al., 2008). As before, a 50% breadth of coverage was required
to ensure the inclusion of variable regions, particularly when reference sequences
came from complete or partial genomes. Additionally, the identity threshold was
increased to 94%, and at least 90% of the consensus sequence had to participate
in the classification, which in many cases led to the recovery of nearly complete
mitochondrial genomes (Table 5).

Although species-level identifications have been performed using the ribosomal
genes 18S and 28S in metabarcoding approaches, primer pairs targeted the regions
of highest diversity (Bradley et al., 2016; Kang et al., 2024; Kounosu et al., 2019;
Wylezich et al., 2010). Since most sequences in the SILVA database contain both
conserved and variable regions, it was not possible to use it for species-level
identification.

1.5. Assessment of the diet using metagenomic data

In general, the dietary components of the Iberian desman detected in the 23
samples analyzed from the populations of the Central System were consistent with
those previously identified in other populations, using both morphological (Castién
& Gosalbez, 1995, 1999; Lopez-de Sancha et al., 2022; Santamarina, 1993) and
genetic methods (Biffi et al., 2017; Esnaola, Arrizabalaga-Escudero, et al., 2018;
Gillet et al., 2015; Hawlitschek et al., 2018). Most of the detected groups belonged
to aquatic organisms, although some exclusively terrestrial groups were found
with lower prevalence (Table 3). Additionally, some fewer common groups in the
desman's diet were identified.
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To analyze the diet composition in quantitative terms and in an attempt to detect prey
preferences, the combined analysis of abundance and prevalence can provide a good
approximation (Figure 19), although not in definitive terms. On the one hand, prevalence
may serve as a more direct estimator of preference, while abundance, relative to the
number of reads, reflects the biomass contribution of each prey. However, factors
such as digestion rates influenced by body structural differences in the diet elements
could affect the relationship between biomass and the number of reads (Deagle et
al., 2010; Srivathsan et al., 2015). For example, Diptera, Coleoptera, and Plecoptera
showed higher prevalences but low abundance. These results suggest trends in the
feeding behavior of the desman; however, data such as the abundance of each prey
in the ecosystem or the number of items present and their size could complement
this analysis to draw more accurate conclusions on the diet preferences of the Iberian
desman (Esnaola et al., 2021; Lépez-de Sancha et al., 2022).

The main groups of insects detected here were Trichoptera, Ephemeroptera, Diptera,
Coleoptera, and Plecoptera, with lower prevalence of Hemiptera, Odonata, and
Megaloptera (Table 3). Except for Megaloptera, all groups are commonly described as
regular components of the Iberian desman's diet (Biffi et al., 2017; Castién & Gosalbez,
1995; Gillet et al., 2015; Hawlitschek et al., 2018; Lopez-de Sancha et al., 2022;
Santamarina, 1993). Additionally, other less frequent groups, previously described in
the literature were identified, such as Salmoniformes, recorded as Salmo trutta eggs
by Castién & Gosalbez (1995). Gastropoda and Oligochaeta were reported in similar
proportions (Biffi et al., 2017; Castién & Gosalbez, 1995), while new items detected
in this work included Bivalvia and Caudata (Table 3). All four groups were found in
only 1 or 2 samples, representing very isolated cases. The latter was identified at
the species level as Salamandra salamandra through mitochondrial sequences, the
longest of which corresponded to the complete mitochondrial genome, with 71%
breadth of coverage (Figure S3). This generated a consensus sequence of 11,604 bp
that contributed 99% to the BLAST alignment, achieving 99% identity.

Two particular cases were the detection of the nematomorph Gordioida, with
medium prevalence (in 7 individuals), and more notably, the planarian Tricladida,
which was detected with high prevalence (in 18 individuals) and also high abundance,
representing the second most abundant group (Table 3). Neither of these groups
had been previously reported in the literature. In morphological studies this is likely
due to the difficulty of identifying soft-bodied prey in feces after digestion (Lépez
Sancha, 2022). Additionally, Tricladida is a group of Platyhelminths, known to have
very high mitogenomic evolutionary rates (Jakovli¢ et al., 2023), making it difficult
their amplification using universal primers in genetic studies of diet. The difficulty
of identifying Platyhelminthes and Nematomorphs using eDNA metabarcoding in
riverine environments was reported by (Poyntz-Wright et al., 2024), possibly due to
PCR failures and limitations in the markers used.

Regarding planarians, it is noteworthy that the species Polycelis felina was
identified through the generation of a consensus sequence based on 100%

breadth of coverage of a COl gene sequence, producing a 555 bp sequence
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1.5. ASSESSMENT OF THE DIET USING METAGENOMIC DATA

that participated fully (100%) in the BLAST alignment, achieving 94% identity
(Table 5), strongly suggesting the presence of this species in the diet of the
desman. Polycelis felina occurs in the lberian Peninsula and inhabits cold
and fast flowing mountain streams (Roca et al., 1992), which overlap with the
desman's habitat, further supporting the likelihood of its inclusion in the diet of
the desmans analyzed in this work. However, as the samples of this study are
from a single population and were all collected in summer, it remains to be seen
in future studies whether planarians are important dietary components in other
populations and at other times of the year.

Although Gordioida have a free-living adult phase, potentially making them an active
prey for the desman, they are also known as parasites of arthropods during their
larval stage (Poinar, 2008), so it cannot be ruled out that the detected sequences
originate from the parasitic forms of preyed insects.

Finally, as previously reported, terrestrial groups were detected as part of the
desman's diet, although to a lesser extent than aquatic groups. They were mainly
insects such as Lepidoptera (Biffi et al., 2017; Esnaola et al., 2021), Hymenoptera
and Orthoptera (Biffi et al., 2017), and, with lower prevalence, arachnids like
Araneae and Opiliones, as well as the crustacean Isopoda, also reported by Biffi
et al. (2017) (Table 4). The latter was identified at the species level, Porcellio
scaber, through 99% overlap of a 536 bp COIl consensus sequence, with 99%
identity (Table 5). Unlike other studies (Biffi et al., 2017; Esnaola et al., 2021;
Gillet et al., 2015; Peyre, 1956; Santamarina, 1993), no amphipod crustaceans
were found, which have been described as negatively selected by the desman
using morphological analysis of the diet (Castién & Gosalbez, 1995).

In general, the results were comparable to those previously described through
both morphological and genetic methods, for both common dietary components
and particular cases. However, the newly identified groups demonstrate that the
application of shotgun sequencing combined with the developed bioinformatics
method is highly sensitive, allowing the challenges of previously applied
techniques to be overcome. The use of non-invasive samples enabled the
identification of soft-bodied organisms, like planarians and Gordioida, difficult
to find in morphological analyses and PCR-based methods. This resulted in the
detection of a high diversity of groups. For example, the average number of orders
per sample detected by Biffi et al. (2017) was 3.7, while in our study, an average
of 7 orders/classes was detected.

Regarding the species level identifications, it is important to highlight that
almost all correspond to species described in the Iberian Peninsula. In addition,
all species were part of the diet and no parasite was identified at the species
level, probably due to the lack of reference sequences. This result underscores
the importance of having reference sequences from the geographical area of
study and the need to expand them to include other groups in order to achieve
better species level identifications.
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1.6. Identification of parasites using metagenomic data

Regarding parasite identification, this is the first study to conduct an in-depth
analysis using shotgun metagenomics in feces for their detection in G. pyrenaicus.
The most frequently detected order of parasites, present in all samples and with
high abundance, was Coccidia (Figure 20). This group had the highest number of
reads assigned (Table 4) This result aligns with that reported by Ripa et al. (2023),
where the genus of coccidia Eimeria spp. was detected with a prevalence of 92.3%
in another Iberian desman population using commercial qPCR Kkits.

Genera identified in our analysis included Eimeria as well as Isospora. Both belong
to the family Eimeriidae, known for completing their life cycle in the intestinal tract
of the host (Berna et al., 2021). They have been identified in the feces and intestinal
lumen of animals, which could explain the abundance of Coccidia reads (Mehlhorn,
2016). This identification is particularly important given that these parasites cause
coccidiosis, one of the most significant diseases in farm animals (Mehlhorn, 2016).
Eimeriidae have been identified in insectivores of the same family as the lberian
desman, such as the European mole (Talpa europaea), where four species of Eimeria
and four of Isospora were described (Duszynski & Upton, 2000), with multiple
infections by intestinal eimeriids consistently detected (Duszynski, 2021) Species
level identification is not easy at the moment with these species. For example,
the genus Eimeria contains more than 800 species, and its mitogenome has been
shown to be highly conserved among species. Thus, a variation of only 0-0.5%
has been observed between species infecting turkeys (Ogedengbe et al., 2014).
Additionally, as a highly host-specific parasite, it is likely that the lack of reference
sequences for the species affecting the Iberian desman results in the distribution
of reads across closely related sequences, preventing sufficient discrimination for
confident species-level assignment. Undoubtedly, having the reference genomes of
the species that infect the Iberian desman would be essential for their detection
by metagenomic sequences. Alternatively, other methods, such as those based on
assembly could help describe the species affecting the Iberian desman.

Three helminth parasites were detected: two nematodes, Rhabditia and Mermithida,
and one platyhelminth of the class Cestoda (Table 4). The order Rhabditia includes
Parastrongyloides winchesi, a species previously described in the lberian desman
(Alvarez Mascato, 1990). The order Mermithida is primarily known as parasites of
arthropods (Dorris et al., 1999); consequently, the recovered DNA could also originate
fromelements ofthedesman'sdiet. Thisisanabundantorderinfreshwaterenvironments,
and some of its members have life cycles with free-living stages, which can be found in
freshwater bodies or sediments (Abebe et al., 2008). Therefore, it cannot be ruled out
that they may also be ingested during foraging in riverine benthos. Cestodes have not
been previously reported in G. pyrenaicus, although they are common parasites in small
mammals, such as insectivores of the genus Sorex, which can serve as intermediate or
definitive hosts (Morand et al., 20086). In rats and mice, cestodes cause bloody, slimy
diarrhea and may lead to intestinal blockage (Mehlhorn, 2016).
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Regarding ectoparasites, three orders of mites were detected (Table 4). Two of them
include species previously described in the Iberian desman: Trombodiformes, which
includes Eadiea desmanae (Lukoschus, 1969), and Sarcoptiformes, which includes
Lynxacarus dubinini and Orycteroxenus galemys (Cordero del Campillo et al., 1994).
Additionally, the order Mesostigmata was identified, which, although no members
have been previously described as parasites of the Iberian desman, is widely known
as a parasite of small mammals, such as rodents and insectivores (Karbowiak et al.,
2023; Morand et al., 2006).

Although some studies on the parasitofauna of the Iberian desman have been
conducted, most have focused on intestinal helminths, and few have used non-
invasive samples and molecular tools. Compared to other insectivores in the same
order, such as Soricinae shrews, recognized as zoonotic reservoirs and/or amplifiers
of arthropod-borne pathogens (Karbowiak et al., 2023; Tian et al., 2023), little is
known about the parasites affecting the Iberian desman, their implications for the
species' health, or their role as intermediaries in pathogen transmission. In this
context, this study represents a first approach using genomic and bioinformatics
tools, providing comprehensive and exploratory information and opening the door
to future, more in-depth analyses. Although it was not possible to achieve detailed
identification at lower taxonomic levels, such as genus or species, due to the limited
availability of reference sequences, ongoing efforts to improve the representation
of all taxa in databases are expected to enable greater specificity with this method
(Corominas et al., 2024; Lewin et al., 2018; Mc Cartney et al., 2024).

2. SPECIES-LEVEL IDENTIFICATION OF BACTERIAL PATHOGENS

The following discussion corresponds to specific objective 9.
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2.1. Validation of a mapping methodology for the detection of pathogens
from fecal samples

In this part of the thesis, we developed and validated a method to identify bacterial
pathogens fromfecal samples based on the mapping of unassembled reads obtained by
metagenomic sequencing to reference genomes. This approach differs fundamentally
from methods designed to profile the general composition of the microbiome, such
as Kraken (Wood & Salzberg, 2014) or DIAMOND (Buchfink et al., 2014). Instead, it
aligns more closely with pathogen detection methods used in human disease studies,
where the primary objective is species-level identification of target pathogens, such as
PathoScope (Francis et al., 2013; Hong et al., 2014) or SURPI (Gu et al., 2021; Naccache
et al., 2014). To our knowledge, no studies have systematically applied these species-
level pathogen detection methods to endangered wildlife species.
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The effectiveness of our pipeline for wildlife health monitoring was demonstrated
by its ability to identify pathogenic bacterial species in fecal samples from the
Iberian desman. Several factors affecting the identifications were analyzed to better
understand their impact, optimize the method, and guide their application in different
scenarios. These factors included the choice of identification parameters, threshold
settings, database configuration, and mapping tool.

To improve the accuracy of species identification, we used the breadth of genome
coverage rather than the more commonly used number or proportion of mapped reads
(Francis et al., 2013; Gu et al., 2021; Hong et al., 2014; Naccache et al., 2014), thus
avoiding false positives caused by conserved or repetitive genomic regions, where
reads from different species may map. Unspecific mappings can be particularly
significant when the genome of the exact bacterial species present in the sample
is not in the database and rather a closely related species is used for mapping.
Therefore, using breadth of coverage for identification is especially important in
studies of non-model and wildlife species, where the representation of pathogens in
databases is often incomplete.

We analyzed two different operational thresholds for identifications using breath
of coverage, corresponding to 2% and 3% coverage, to evaluate their sensitivity
and specificity. In general, the more stringent 3% threshold identified species that
were present in multiple samples, each with different genome coverage values
that correlated with the number of mapped reads and, by extension, with species
abundance (e.g., Yersinia intermedia, Table S11). This scaling of genome coverage
with the number of reads strongly supports correct mapping to the reference
genome and therefore that the species is truly present in the population. Conversely,
species identified with breath of coverage values between 2 and 3% (or at lower
levels) were typically detected in only one individual (Figures 23a and 25). Single-
sample detections lacked the supporting evidence provided by the scaling of
breath of coverage with the number of reads and, while their presence cannot be
entirely ruled out, it is more difficult to dismiss for them the possibility of mappings
to conserved or repetitive genomic regions of the genome of a distantly related
species. Therefore, a 3% threshold provided more confident identifications in this
particular study, given the sequencing effort applied. However, it is important to
note that the most appropriate threshold may vary depending on the sequencing
depth and specific conditions of individual studies. For instance, in cases involving
highly pathogenic species or potential outbreaks, all samples, even those with low
numbers of mapped reads, should be considered for further investigation to ensure
comprehensive monitoring and risk assessment.

The type of database to be used with the mapping algorithmis another critical factor and
its choice depends on the objectives of the study. For example, for targeted monitoring
of highly pathogenic species, it would be essential to first perform an analysis of
unspecific mappings (Figures 22 and S4) and shared read levels (Figures 23b and
S7) for the pathogen of interest in relation to closely related species using different
databases. Our results showed that unspecific mappings from sequences mapping
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to phylogenetically closely related species in the database, particularly in conserved
regions, may be higher when using a single Bowtie2 database for each genome analyzed
compared to the combined database. Furthermore, unspecific mappings may lead to
more shared reads when using single-species databases. Despite this, single-species
databases may be preferable for initial surveys, as using a combined Bowtie2 database
for all genomes may result in the loss of potential positives due to ambiguous mappings
with low mapping quality values, as observed for the Shigella and Escherichia species
(Figures 25 and S6). In essence, single-species databases typically provide greater
sensitivity because they focus on detecting specific pathogens without competition
from sequences of other species, whereas combined databases improve specificity
by offering a broader reference to discriminate between similar species, although they
may reduce sensitivity due to ambiguous or low-confidence mappings to multiple
species. Therefore, preliminary analyses should be conducted to determine the most
suitable database and detection criteria for each pathogen under study to ensure that
the method provides robust identifications.

The mapping tools Bowtie2 (in two different modes: local and end-to-end) and BWA
(in aln mode) produced similar results in terms of number of mapped reads and
breath of coverage achieved (Figure 24). This was not the case with the less stringent
BWA program in "mem" mode, which uses a less stringent algorithm. The fact that
Bowtie2 and BWA in their optimal configurations consistently produced similar
mapping results and thus similar species identifications, despite their algorithmic
differences, reinforces confidence in their ability to provide accurate taxonomic
classifications.

The analysis of the genus Yersinia illustrates the efficiency of our approach. Of the
26 species tested, seven different species were detected in the Iberian desman
samples when using the more comprehensive 2% threshold. Among these, two
species (Y. enterocolitica and Y. ruckeri) are potentially pathogenic, with each found
in a single sample (Figures 23 and 25). These results highlight the importance of
robust species-level identifications and demonstrate the power of the method
proposed here to discriminate between species within the same genus. However,
challenges remain when resolving exact species in groups of very closely related
taxa, such as Shigella and Escherichia species, where shared genomic regions can
lead to ambiguous mappings. In these cases, assembly-based approaches combined
with high-depth sequencing may be necessary to achieve accurate species-level
resolution (Blanco-Miguez et al., 2023; Nurk et al., 2017).

2.2, Implications for the conservation of the Iberian desman

Understanding pathogen burden and diversity in endangered species is critical to
inform management strategies, particularly in the context of conservation efforts
such as captive breeding and translocation programs (Gaywood et al., 2022). In
our study, we identified 19 species of pathogenic bacteria in 23 Iberian desman
fecal samples using a strict coverage threshold, with varying levels of genome
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coverage and prevalence. The sample size was very limited, which prevents any
generalization of the results. Undoubtedly, a larger sample size, covering a wider
geographical area and different time points, would provide a more comprehensive
understanding of pathogen prevalence and diversity in this mammal. Although the
main focus of the work was methodological, with the aim of developing a strategy
that can be used for health monitoring, this pilot analysis also provided essential
baseline data on the presence and diversity of pathogens in the Iberian desman,
which could help shed light on the causes of the rapid decline of some of its
populations. Remarkably, as shown in Table 6, many of the identified pathogenic
species are found in aquatic environments and are known to infect fish (Ardura et
al., 2013; Austin & Austin, 2016; Diamanka et al., 2014; Pajdak-Czaus et al., 2019)
and other aquatic or semi-aquatic species, including European mink, American
mink, Eurasian otter, beaver, muskrat, pond slider, and pond turtle (Bai et al., 2023;
Cano-Terriza et al., 2017; Guz et al., 2021; Laukova et al., 2015; Mengistu et al., 2022;
Pajdak-Czaus et al., 2019; Rohner et al., 2022; Vulfson et al., 2001). In some cases,
these infections have been associated with disease or mortality in these animals,
underscoring the potential severity of some of these pathogens. The sharing of
pathogens among aquatic species may be explained by the fact that the aquatic
environment can facilitate the transmission of infections, spreading pathogens
over a wide area and potentially increasing exposure to multiple microbial threats
(Cabral,2010). Thus, these results highlight the complex and potentially pathogenic
microbial landscape to which the Iberian desman is exposed.

The PCA (Figure 26) revealed substantial variability in pathogen profiles among
Iberian desmans, suggesting differences in pathogenic bacterial load or diversity
of species present, which may be highly relevant for assessing the health status
of the analyzed individuals. In particular, five desmans emerged as clear outliers in
the PCA plot, indicating altered pathogen loads. It remains unclear whether these
desmans contained these levels of pathogens by chance, due to a compromised
immune system potentially related to inbreeding, or as a result of specific
environmental conditions influencing pathogen loads in certain populations. The
geographic distribution of the outlier desmans may provide a clue, as four of them
belonged to the same hydrological unit, Endrinal, so that 40% of the desmans in
this subpopulation would have an elevated or altered pathogen load. The Endrinal
river supports a significant livestock density, which could be behind the unique
pathogen load found in the desmans of this river. However, additional sampling
and detailed environmental analyses in this and other hydrological units is needed
to better understand the origin of these pathogens and the factors driving the
altered pathogen loads in some desmans and populations.

Future studies of Iberian desman pathogens should include different populations
across the species' range and throughout the year to understand population health
trends and to prioritize conservation efforts to the most vulnerable populations.
Integrating the analysis of genetic factors, such as inbreeding and mutational load,
will be crucial for understanding their influence on pathogen load and susceptibility.
Furthermore, epidemiological studies should be a priority to understand how these
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pathogens are transmitted, for example through water or through contact with other
wildlife species, to identify potential transmission hotspots, such as excessive
livestock densities in mountainous areas or wastewater discharge points near
human settlements, and to assess their potential impact on the health and viability
of Iberian desman populations.

2.3. Method challenges and prospects

This study represents a significant advance in pathogen detection methods for
endangered species by providing a novel, effective, and non-invasive metagenomic
approach for monitoring microbial diseases. To demonstrate the effectiveness of
the method, we used a dataset of 136 bacterial reference genomes for mapping.
We focused on bacteria because of their adequate representation of complete
genomes in databases, as well as their reduced genome sizes, which allowed
us to test a wide variety of parameters and analysis conditions with reasonable
computational effort. Viral and eukaryotic pathogens, on the other hand, present
unique challenges for metagenomic detection, which were beyond the scope of
this study. Future research should address these challenges and optimize tools
for detecting such pathogens, as they can also have a significant impact on the
overall health and viability of wildlife species (Nunn & Altizer, 2005; Pedersen et
al., 2007).

The dependence on reference genome databases is a major limitation of mapping
methods, particularly for less studied species such as the Iberian desman. Our
results showed that many pathogenic bacterial species present in genome
databases (19 out of 136 analyzed) can be found in the Iberian desman. Most
of these bacteria also infect humans, suggesting a wide host range for these
pathogens (Shaw et al., 2020). However, since bacterial pathogens specific to
the Iberian desman have not yet been sequenced, only closely related species
present in databases can be detected using this bioinformatics method.
Eukaryotic parasite species, especially those with complex life cycles, tend to
be more host-specific (Poulin, 2006), so it remains to be seen whether genomes
currently present in genome databases, usually isolated from humans, will
be useful for detecting eukaryotic pathogens in the Iberian desman or other
endangered mammals. In the long term, the generation of complete reference
genomes for a wide range of relevant pathogenic and parasitic species will be key
to advancing the detection and assessment of pathogens in wildlife, especially in
critically endangered species.

Accurate identification of pathogens is not only critical in conservation biology,
but also an integral part of the One Health approach, which emphasizes the
importantinterrelationships that exist between human, animal, and environmental
health (Destoumieux-Garzén et al., 2018; White & Razgour, 2020). By leveraging
advances in high-throughput sequencing and metagenomic technologies, this
study provides a reliable and non-invasive method to monitor pathogens that
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may pose risks, not only to wildlife and endangered species, but also to humans.
This underscores the importance of further research in this area, particularly to
improve genomic tools and the representation of reference genomes of wildlife
pathogens and parasites in databases, thereby contributing to the broader goal
of protecting endangered species and maintaining ecosystem health.

3. NOVEL APPROACHES FOR WILDLIFE CONSERVATION: FECAL METAGENOMICS
FOR MONITORING POPULATION GENOMICS, ECOLOGY AND HEALTH

The following discussion addresses the general objective.

3.1 Novel metagenomic methods developed in this thesis

In this thesis, the Iberian desman was used as a model species to develop
metagenomic techniques that maximize the use of exogenous information
contained in fecal samples. To begin with, the global DNA composition in
desman feces was explored using the Kraken2 program (Wood et al., 2019)
with the RefSeq database (O’Leary et al., 2016), which enables classification of
sequence reads at high taxonomic levels across all domains of life, revealing
the complex and information-rich nature of fecal DNA. However, to achieve
finer taxonomic resolution, new approaches had to be developed, considering
the specific characteristics of the data, such as low sequencing depth and the
limited availability of reference sequences for species detection. These efforts
resulted in the two methodological frameworks presented in the thesis, which
apply different taxonomic identification approaches tailored to distinct types of
databases, specifically phylogenetic markers and mitochondrial genomes on one
hand, and whole genomes on the other.

To identify eukaryotic sequences derived from dietary components and parasites,
mitochondrial genomes and phylogenetic marker sequences were selected. These
sequences, selected to be of any length greater than 500 bp, have the advantage
of being broadly representation in reference databases. Several databases (our
own Mit11, Silva SSU & LSU (Quast et al., 2013) and BOLD (Ratnasingham & Hebert,
2007)) were used in a complementary manner to maximize taxonomic coverage. A
method was developed to generate consensus sequences from Bowtie2 (Langmead
& Salzberg, 2012) mappings and to perform their taxonomic identification using
BLAST (Altschul et al., 1990). This approach used a low-stringency Bowtie2
configuration ("very-sensitive" option and unpaired alignment mode) to recover
as many sequences as possible, delegating the taxonomic identification to
BLAST. This was made feasible by constructing consensus sequences for BLAST
analysis instead of using individual reads, which reduced computational workload,
improved the reliability of taxonomic assignments, and enabled abundance
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3.1 NOVEL METAGENOMIC METHODS DEVELOPED IN THIS THESIS

estimation. The intrinsic characteristics and resolution power of each marker
were also considered, using only mitochondrial markers for lower-level taxonomic
assignments (i.e. genus and species). The dietary analysis revealed not only
the expected aquatic insect taxa but also novel components that had not been
previously detected using other methods. These results significantly expand the
known dietary repertoire and foraging behavior of G. pyrenaicus, highlighting the
power of metagenomic approaches in ecology. Regarding parasitology, this study
presents the first comprehensive analysis using metagenomic data from fecal
samples to detect parasites in an endangered species, such as the Iberian desman.
Although species-level assignments were constrained by the limited availability of
reference sequences, the study provides valuable baseline information and opens
new avenues for future research into the parasite burden and health status of
endangered species.

Regarding the identification of pathogenic bacteria, the method implemented
was based on the use of complete reference genomes, as they are more broadly
available for this taxonomic group. In this case, the method was based on the
direct mapping of metagenomic reads, and species identification was derived from
the analysis of alignment coverage and quality. To achieve this, a more stringent
Bowtie2 configuration was used (including the "sensitive" option, paired-end
alignment mode with the --no-discordant and --no-mixed flags), along with a
MAPQ threshold of = 20. The performance of this approach was evaluated through
comparisons with other alignment algorithms, the use of different database
configurations, and the analysis of alignment-derived metrics. We used thresholds
for breadth of genome coverage that balances sensitivity and specificity, but with
the primary goal of avoiding false positives. After carrying out all these controls,
the method successfully identified potentially pathogenic bacterial species in the
desman's fecal samples, including several species known to infect other aquatic
mammals and fish, highlighting the microbial risks to which the desman is exposed
in its aquatic environment. The developed pipeline proved effective for screening
bacterial pathogenic species and could be applied to evaluate pathogen load at
broader spatial scales, across populations, and in relation to environmental factors
such as water quality, or even individual immune status associated with inbreeding.

These methods represent novel advances in the identification of eukaryotes
and bacteria from metagenomic fecal sequences of a wildlife species, with
parameters adapted to the characteristics of the data and the specific objectives
of this study. They provide a starting point for future improvements and new
approaches needed for metagenomic applications in non-model species, an area
that remains largely unexplored to date.
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3.2 From the Iberian desman to broader conservation: applications of the
developed methods

The combined use of fresh fecal samples and shotgun metagenomic sequencing,
as applied in this thesis, has demonstrated great potential for the conservation of
endangered species. This approach enables the exploration of both the genomic
characteristics of the target species, its health and its ecological interactions
with the environment, information that is essential for in situ management as
well as for planning future conservation strategies, including captive breeding
and translocation programs.

Analyses based on endogenous DNA open the possibility of expanding population
genomic studies using non-invasive fecal samples. Although these samples must
be very fresh and collected shortly after defecation to ensure sufficient DNA
quality and quantity, species-specific protocols can be developed to efficiently
collect these samples, which is often more feasible than capturing individuals.
This would allow, for instance, relatedness analyses to study connectivity
between subpopulations, as has been done with the Iberian desman (Escoda et
al., 2017, 2019), or to assess the recruitment of new individuals into populations
through pedigree analysis.

These analyses can be complemented by examining pathogen and parasite loads at
both individual and population levels using fecal samples. Biological factors such as
sex or inbreeding and their impact on immune status can be explored in this context.
Differences in parasite prevalence or intensity between sexes have been observed
in several species, and may be attributed to behavioral or physiological differences
(Kotodziej-Sobociriska, 2019). Male-biased parasitism has been linked to the
immunosuppressive effects of testosterone and to behavioral patterns during the
breeding season that increase exposure and susceptibility to infection, as observed
in Pyrenean chamois (Klein, 2004; Martinez-Guijosa et al., 2015; Oliver-Guimera
et al., 2017). Conversely, female-biased parasitism has been reported in European
bison, possibly resulting from the formation of larger female groups that facilitate
parasite transmission and from immunosuppression associated with pregnancy
(Kotodziej-Sobociriska, Demiaszkiewicz, et al., 2016; Kotodziej-Sobociriska, Pyziel,
et al., 2016) On the other hand, inbreeding has been associated with reduced fitness
and lower immunocompetence, leading to higher pathogen loads and increased
susceptibility to infections in wild species (Ewen et al., 2012). For instance, lower
genetic diversity in immune-related genomic regions may impair the recognition of
pathogens (Smith et al., 2009). In the Iberian desman, differences in genetic diversity
at the Major Histocompatibility Complex class | (MHC-I) genes have been observed
among individuals (Escoda & Castresana, 2021). This is particularly relevant, as
inbred individuals may act as sources of pathogen introduction into the population
or serve as reservoirs (Smith et al., 2009). Therefore, exploring the relationship
between biological factors or host genetics and pathogen or parasite load using
fecal metagenomics could provide valuable insights into how these factors influence
disease susceptibility in fragmented and endangered populations.
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3.2 FROM THE IBERIAN DESMAN TO BROADER CONSERVATION: APPLICATIONS OF THE DEVELOPED
METHODS

Due to the risks that infectious and parasitic diseases pose to the conservation
of natural populations, there is a growing need among environmental authorities
to monitor the health status of wildlife species in situ (ENETWILD-consortium et
al., 2023). Numerous well-documented cases have shown how infectious agents
have affected threatened populations (Pedersen et al., 2007), such as the feline
leukemia virus in the Iberian lynx (Néjera et al., 2024), the Aleutian disease virus in
the European mink (Sanchez-Migallén Guzman et al., 2008), the sarcoptic mange
in chamois and mountain goats (Unterkofler et al., 2023), and the chytrid fungus
(Batrachochytrium dendrobatidis) in various amphibian species (Murray et al.,
2009). Moreover, zoonotic pathogens such as Mycobacterium bovis pose a risk
to the health not only of wildlife but also of livestock and humans (Ali & Alsayeqh,
2022; Justus et al.,, 2024), highlighting the need for integrated surveillance
approaches to understand the role of wildlife species in their transmission
(ENETWILD-consortium et al., 2023). Developing metagenomic methods capable
of supporting large-scale analyses in the future could enable early detection of
disease outbreaks and facilitate the implementation of timely management and
conservation measures.

The risk associated with infectious diseases is also well documented in the context
of conservation actions involving captive breeding and translocation of individuals
(Daszak et al., 2000; Ewen et al., 2012; Sainsbury & Vaughan-Higgins, 2012). The
main concern is the potential transfer of pathogens to wild populations that have
not been previously exposed, which could result in negative impacts on the entire
ecosystem. For example, infection by the parasitic nematode Ashworthius sidemi
was detected in European bison in a reserve in the Czech Republic following
the translocation of individuals from Poland. In the same region, infections
were also detected in red deer, suggesting possible local transmission between
species (Vadlejch et al., 2017). In addition, reduced exposure to natural antigens
and the loss of immunogenetic variation during captive breeding can negatively
affect the survival of individuals after reintroduction (Ewen et al., 2012; Kotodziej-
Sobociriska, 2019). Therefore, monitoring of infectious diseases should continue in
reintroduced individuals as well as in their offspring, to assess survival risks and
anticipate potential disease outbreaks that could threaten the entire reintroduced
population (Najera et al., 2021).

Another key aspect in developing effective conservation programs is understanding
the trophic ecology of species. Information on diet composition under natural
conditions can help to better understand foraging behavior in relation to the
composition and availability of food resources, as well as habitat characteristics,
and support in situ conservation measures (Esnaola et al. 2021). Understanding
the composition of the wild diet is also considered fundamental for ex situ
conservation programs, as replicating the natural diet can likely facilitate both
the acclimatization of wild-caught individuals to captivity and the successful
establishment of captive-bred animals in the wild (Ewen et al., 2012). Moreover,
understanding the composition of the wild diet is essential for formulating
appropriate captive diets, as suboptimal nutrition can lead to disease, reduced
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reproductive success, and changes in the microbiome, among other effects
(Crates et al., 2023; Hendier et al., 2021; Jayson et al., 2018; Quiroga-Gonzalez et
al., 2021; Zhang et al., 2017). In addition, monitoring the diet of released individuals
in reintroduction programs is crucial to evaluate their adaptation and successful
establishment in the wild, especially for those born in captivity (Pédra et al., 2013).
Traditional genetic methods, for instance, were unable to detect planarians as part
of the lberian desman’s diet, despite their high abundance and prevalence in the
population studied in this work. Although further research is needed to determine
whether planarians are an important trophic component and are actively consumed
in different populations and time periods, this finding highlights the potential
of fecal metagenomics to accurately monitor the diet of species, with a view to
informing future in situ and ex situ conservation programs..

Overall, the integrative approach developed in this thesis advances the genomic
toolkit for the Iberian desman and demonstrates the feasibility and value of
non-invasive metagenomic methods for wildlife monitoring and conservation
management. Future research should aim to increase sample sizes across regions
and seasons and explore additional infectious agents such as viral or eukaryotic
pathogens. Such efforts will further strengthen the role of genomics as a highly
useful tool in wildlife conservation and management.
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VII.
(ONCLUSIONS

1. The DNA present in fresh fecal samples of the Iberian desman (Galemys pyrenaicus) of the
Central System population enabled the successful construction of shotgun metagenomic
libraries and the analyses of both endogenous and exogenous DNA, demonstrating the
potential of fecal samples combined with advanced genomic and bioinformatic tools for
the non-invasive genomic monitoring of wild species.

2. Endogenous nuclear DNA was obtained, representing an average of 9% of the total DNA,
which allowed for population genomic analyses and the determination of the individuals’
sex. Although mitochondrial DNA accounted for a smaller proportion (0.03% on average),
it was sufficient to reconstruct complete mitochondrial genomes in all samples.

3. Principal Component Analysis of nuclear DNA allowed for the evaluation of the structure
of subpopulations within the Central System population of the Iberian desman, revealing
a strong correspondence with their geographical location and identifying connectivity
patterns among subpopulations.

4. Therecovered mitochondrial genomes enabled phylogenetic analyses of the G. pyrenaicus
haplotypes, which could be useful at high geographical scales.

5. The exogeneous DNA of the feces was classified into the following groups: Metazoa,
Fungi, Viridiplantae, SAR, Other Eukaryota, Bacteria, Archaea, and Virus. The two main
sources of exogeneous DNA were bacterial (10%) and metazoan (9%). This highlights the
utility of fecal samples for analyzing the trophic ecology, parasitology, and microbiology
of the Iberian desman.
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6. A novel bioinformatic method was developed to use assembled consensus sequences
over database sequences instead of individual reads for analyzing exogenous eukaryotic
DNA, which allowed precise taxonomic classification using various reference databases.
Additionally, it enabled the estimation of relative abundances using depth of coverage
values and the verification of assignment quality through depth of coverage across the
reference analysis.

7. The characterization of diet composition revealed primarily aquatic organisms and
groups previously described for G. pyrenaicus, such as Trichoptera, Ephemeroptera,
Diptera, Coleoptera, and Plecoptera insects. Other elements previously reported in
smaller quantities or isolated cases were also identified, including Hemiptera, Odonata,
Gastropoda, Oligochaeta, and Salmoniformes. Terrestrial elements reported in lower
quantities included Lepidoptera, Hymenoptera, Orthoptera, Araneae, Opiliones, and
Isopoda. Additionally, taxa not previously described were detected, such as Bivalvia,
Caudata, Gordioida and, notably, Tricladida, the latter showing very high prevalence and
abundance in the desmans analyzed in this work. This demonstrates the high sensitivity
of this technique compared to previous approaches based on metabarcoding and
morphological analysis.

8. The parasitological analysis identified both endoparasites and ectoparasites in
G. pyrenaicus. Coccidiawere the mostabundant and prevalent, while cases of nematodes,
cestodes, and mites were also detected. This study represents the first parasitological
analysis of the Iberian desman conducted using metagenomic techniques.

9. The species-level analysis of diet demonstrated the efficacy of the developed method
in identifying specific organisms but also highlighted its dependency on complete and
representative sequence databases for the geographical study area, underscoring the
need for increased efforts to sequence reference genomes across the tree of life.

10. A novel method was developed for identifying pathogenic bacteria at the species level
using reference genomes. The method employed sequence mapping tools and rigorous
quality thresholds based on depth of coverage rather than the number of reads for
determining species. This represents a significant advance in the study of pathogenic
bacteria in wild animals, particularly for unexplored species where detailed genomic
information of bacterial pathogens may be lacking.

11. Nineteen pathogenic bacterial species were identified in the feces of G. pyrenaicus. Many
of them have been previously found to infect fish and aquatic mammals, highlighting the
role of the aquatic environment in the transmission of diseases.

12. Five desmans exhibited a distinct pathogenic load, suggesting a potentially higher

vulnerability in them. These results may be highly relevant for conservation programs
such as captive breeding and translocations.
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Table S1. Samples of Galemys pyrenaicus used in this study,
indicating the main river associated with the sub-basins where
the subpopulations are located, as well as the corresponding

subpopulations.

Sample # Sample Mainriver Subpopulation
1 BC2042 Tormes Aravalle
2 BC2045 Tormes Endrinal
3 BC2280 Adaja Adaja
4 BC2360 Adaja Adaja
5 BC2378 Tormes Endrinal
6 BC2381 Tormes Endrinal
7 BC2408 Tormes Aravalle
8 BC2416 Adaja Adaja
9 BC2765 Tormes Becedillas
10 BC2856 Tormes Becedillas
11 BC2865 Tormes Endrinal
12 BC2876 Tormes Aravalle
13 BC2934 Adaja Adaja
14 BC2989 Tormes Becedillas
15 BC3015 Tormes Aravalle
16 BC3267 Tormes Aravalle
17 BC3343 Tormes Aravalle
18 BC3345 Tormes Endrinal
19 BC3876 Tormes Endrinal

20 BC3895 Tormes Endrinal
21 BC3899 Tormes Endrinal
22 BC3903 Tormes Endrinal
23 BC3906 Tormes Endrinal

IX. ANNEX

Table S2. Species of the genus Yersinia according to NCBI Taxonomy, along with the size of the

reference genome used. Their pathogenicity is also indicated.

Species

Genome
size (pb)

Source

Pathogenicity

Yersinia aldovae
Yersinia aleksiciae
Yersinia alsatica
Yersinia artesiana
Yersinia bercovieri
Yersinia canariae
Yersinia enterocolitica
Yersinia entomophaga
Yersinia frederiksenii
Yersinia hibernica
Yersinia intermedia
Yersinia kristensenii
Yersinia massiliensis
Yersinia mollaretii
Yersinia nurmii
Yersinia pekkanenii
Yersinia pestis

Yersinia proxima

Yersinia pseudotuberculosis

Yersinia rochesterensis
Yersinia rohdei
Yersinia ruckeri
Yersinia similis

Yersinia thracica
Yersinia vastinensis

Yersinia wautersii

4,471,090
4,526,044
4,901,396
4,520,664
4,428,721
4,710,154
4,548,822
4,275,406
4,941,872
4,803,435
4,928,910
4,733,508
5,050,276
4,603,634
4,143,134
5,046,986
4,658,411
4,616,898
4,839,430
4,448,883
4,372,253
3,894,226
4,964,409
4,420.333
4,540,093
4,858,848

NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
NCBI Taxonomy
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Table S3. Species of pathogenic bacteria analyzed and the size of their

reference genomes.

Genome size

Species Synonym (bp)
Acinetobacter baumannii 3,980,230
Actinobacillus lignieresii 2,236,520
Aeromonas hydrophila 4,733,702
Aeromonas salmonicida 4,954,811
Aeromonas sobria 4,683,669
Aeromonas veronii 4,561,870
Anaplasma marginale 1,202,435
Anaplasma phagocytophilum 1,481,598
Bacillus anthracis 5,603,926
Bacillus cereus 5,836,971
Bartonella bacilliformis 1,411,655
Bartonella henselae 1,905,383
Bartonella quintana 1,588,683
Bordetella pertussis 4,088,701
Borrelia afzelii 906,136
Borrelia burgdorferi 1,321,434
Borrelia garinii 905,692
Brucella abortus 3,278,307
Brucella melitensis 3,294,931
Brucella microti 3,337,369
Brucella neotomae 3,329,628
Brucella ovis 3,275,590
Brucella suis 3,315,175
Burkholderia cepacia 8,366,868
Burkholderia pseudomallei 7,085,397
Campylobacter coli 1,716,536
Campylobacter fetus 1,804,582
Campylobacter jejuni 1,641,481
Chlamydia psittaci 1,179,220
Chlamydia trachomatis 1,042,519
Citrobacter freundii 5,171,093
Clostridioides difficile Clostridium difficile 4,095,894
Clostridium botulinum 3,903,260
Clostridium chauvoei 2,889,569
Clostridium histolyticum 2,740,791
Clostridium novyi 2,499,078
Clostridium perfringens 3,275,424
Clostridium septicum 3,404,718
Clostridium tetani 2,873,333
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Corynebacterium diphtheriae
Corynebacterium striatum
Coxiella burnetii
Edwardsiella ictaluri
Edwardsiella piscicida
Edwardsiella tarda
Elizabethkingia anophelis
Enterobacter asburiae
Enterobacter bugandensis
Enterobacter cancerogenus
Enterobacter chengduensis
Enterobacter chuandaensis
Enterobacter cloacae
Enterobacter hormaechei
Enterobacter kobei
Enterobacter ludwigii
Enterobacter mori
Enterobacter oligotrophicus
Enterobacter roggenkampii
Enterobacter sichuanensis
Enterobacter soli
Enterococcus faecalis
Enterococcus faecium
Enterococcus hirae
Escherichia coli

Flavobacterium psychroph-
ilum

Francisella tularensis
Fusobacterium necrophorum
Haemophilus influenzae
Helicobacter pylori
Klebsiella oxytoca
Klebsiella pneumoniae
Kluyvera intermedia
Kosakonia oryzendophytica
Kosakonia oryziphila
Legionella pneumophila
Leptospira interrogans
Listeria innocua

Listeria ivanovii

Listeria monocytogenes

Table S3 (cont.)

2,406,896
2,904,831
2,032,807
3,844,237
3,819,771
3,720,168
4,058,311
4,768,325
4,734,039
4,736,684
5,218,125
4,634,324
5,023,439
4,855,498
4,773,801
4,952,770
4,844,012
4,476,585
4,899,997
4,711,389
5,012,132
2,870,381
2,919,198
2,845,651

5,594,605

2,830,557

1,870,206
2,288,480
1,846,259
1,624,458
5,879,076
5,682,322
4,938,529

5,132,919
4,814,900
3,604,074
4,630,763
2,922,148
2,919,548
2,944,528
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Listeria seeligeri
Mannheimia haemolytica

Mesomycoplasma conjunc-
tivae

Mesomycoplasma hyopneu-
moniae

Morganella morganii
Mycobacterium bovis
Mycobacterium caprae
Mycobacterium microti
Mycobacterium tuberculosis

Mycoplasma mycoides

Mycoplasmoides pneumoniae

Mycoplasmopsis agalactiae

Neisseria gonorrhoeae
Neisseria lactamica
Neisseria meningitidis
Neisseria polysaccharea
Pasteurella multocida
Photobacterium damselae
Phytobacter massiliensis
Pluralibacter gergoviae
Providencia alcalifaciens
Pseudomonas aeruginosa
Pseudomonas putida
Rickettsia conorii
Rickettsia monacensis
Rickettsia prowazekii
Rickettsia rickettsii
Rickettsia typhi
Salmonella bongori
Salmonella enterica
Serratia marcescens
Shewanella algae
Shigella dysenteriae
Shigella flexneri

Shigella sonnei
Staphylococcus aureus

Staphylococcus
pseudintermedius

Stenotrophomonas
maltophilia

Streptobacillus moniliformis

Table S3 (cont.)

Mycoplasma
conjunctivae

Mycoplasma
hyopneumoniae

M. tuberculosis variant bovis
M. tuberculosis variant caprae

M. tuberculosis variant microti

Mycoplasma
pneumoniae

Mycoplasma
agalactiae

2,797,636
2,757,078

846,214

921,093

3,906,921
4,411,814
4,324,961
4,369,915
4,411,532

1,084,586

823,017

916,806

2,171,755
2,200,224
2,157,444
2,029,584
2,335,516
4,427,003
5,008,540
5,408,082
3,990,106
6,264,404
6,156,701
1,268,755
1,353,450
1,109,804
1,257,710
1,112,372
4,773,537
4,951,383
5,238,537
4,990,025
5,192,674
4,828,820
4,762,774
2,821,361

2,629,596

4,481,118

1,673,280

Streptococcus agalactiae
Streptococcus equi
Streptococcus iniae
Streptococcus mutans
Streptococcus pneumoniae
Streptococcus pyogenes
Streptococcus suis
Treponema pallidum

Vibrio cholerae

Vibrio fluvialis

Vibrio harveyi

Vibrio metschnikovii

Vibrio parahaemolyticus
Vibrio vulnificus

Yersinia enterocolitica
Yersinia pestis

Yersinia pseudotuberculosis

Yersinia ruckeri

Table S3 (cont.)

2,079,123
2,154,778
2,078,360
2,028,032
2,154,362
1,746,380
2,170,808
1,139,330
4,138,412
4,827,733
5,869,008
3,831,334
5,165,770
5,117,890
4,548,822
4,658,411
4,839,430
3,894,226
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Table S4 The upper section shows DNA concentrations in the samples (ng/uL), the number of Illumina reads obtained for each
sample, the percentage of duplicated reads filtered, the number of retained reads and their percentage, and the most frequent
insert size in each sample. The lower section displays statistics for the analysis of the results: average, standard deviation (STD),
coefficient of variation (CV), minimum value (Min), maximum value (Max), and median.

Fastp filtering

Sample DNA (ng/pl) Totalrawreads pypjication Retained Retained Insert size

rate (%) reads (n) reads (%) peak
BC2042 0.416 77,911,584 10.8143 66,397,220 85 202
BC2045 0.142 85,621,556 14.5819 63,295,728 74 168
BC2280 0.436 93,152,950 12.3679 77,518,202 83 173
BC2360 0.456 71,959,282 11.7864 60,255,746 84 27
BC2378 0.392 78,752,260 11.6913 62,977,472 80 160
BC2381 0.246 76,509,430 12.3964 61,028,108 80 169
BC2408 0.384 108,021,396 10.5968 84,184,200 78 172
BC2416 0.340 83,776,698 10.9693 71,018,018 85 155
BC2765 0.478 66,132,750 10.374 56,312,202 85 172
BC2856 1.81 100,940,134 11.7107 82,903,094 82 178
BC2865 0.274 88,948,006 12.1693 71,110,558 80 161
BC2876 0.478 79,788,742 11.0164 67,644,992 85 186
BC2934 0.182 91,058,572 11.2636 75,000,748 82 183
BC2989 0.254 82,428,140 12.865 66,424,834 81 228
BC3015 2.28 52,030,508 9.25385 42,603,532 82 167
BC3267 0.334 93,826,662 12.7939 78,037,646 83 180
BC3343 0.294 70,503,076 10.6645 58,363,984 83 179
BC3345 0.272 81,209,102 12.5661 66,333,060 82 215
BC3876 0.338 98,439,460 12.0939 79,548,714 81 183
BC3895 0.416 86,496,334 12.4508 72,157,126 83 224
BC3899 3.48 59,816,578 8.71211 42,235,116 7 156
BC3903 0.192 64,088,746 11.1205 50,908,242 79 152
BC3906 0.476 75,769,478 11.5143 63,112,800 83 183
Average 0.62 81,181,802 12 66,059,624 81 183
STD 0.80 13,516,925.66 1.25 11,332,586.31 3.51 28.12
CV (%) 128.26 16.65 10.81 17.16 4.31 15.34
Min 0.14 52,030,508 9 42,235,116 7 152
Max 3.48 108,021,396 15 84,184,200 85 27
Median 0.38 81,209,102 12 66,397,220 82 178
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Table S5. Results of the processing of endogenous-origin reads. For each sample, the table shows the total number of reads after
quality filtering, the number of reads aligned to the G. pyrenaicus nuclear genome, and their respective depth and breadth of
coverage values. Additionally, it includes the percentage of reads filtered due to low entropy (complexity) values and the number
of retained reads. The table also shows the number of reads aligned to the mitochondrial genome and its depth and breadth of
coverage values. Finally, it reports the number of exogenous reads in each sample and their mean length (bp).

Nuclear genome

BBDuk filtering

Mitogenome

Exogenous reads

Filtered

Sample reads (n) Reads (n) Depth Breadth | Entropy Retained | Reads Depth Breadth Total reads I::;::

(X) (%) (%) reads (n) (n) (X) (%) (n) (pb)
BC2042 66,397,220 47,582 0.004 047 6.95 61,739,996 | 2,308 19.356  98.34 61,736,980 149.351
BC2045 63,295,728 | 12,092,536  0.971 4 2.02 50,169,980 | 33,480 247.28  99.99 50,124,430 144.638
BC2280 77,518,202 | 17,004,552 1.359  54.02 1.38 59,677,178 | 19,986 164.62 99.99 | 59,649,976  146.892
BC2360 60,255,746 | 1,019,544 0.084 5.98 5.34 56,071,220 | 13,766 m.n 100| 56,053,206 150.499
BC2378 62,977,472 | 12,598,510 1.006 43.73 3.64 48,598,022 | 47,040 368.64 99.85| 48,632,104 144.569
BC2381 61,028,108 220,114 0.018 1.04 0.89 60,264,562 6,014 47.61 99.61| 60,256,352  147.092
BC2408 84,184,200 | 2,862,668 0.229 12.74 4.18 77,922,810 | 12,758  102.14 100 77,905,478 146.147
BC2416 71,018,018 | 2,382,304 0.19 10.53 2.68 66,796,844 7142  58.34  99.53 66,786,794 145.737
BC2765 56,312,202 | 6,056,388 0.48 23.76 6.38 47,047,892 | 21,416 176.75 99.76 47,017,792  146.784
BC2856 82,903,094 197,424  0.015 0.82 162 81,449,238 | 2,406 19.64 95.37| 81,444,940 146.836
BC2865 71,110,558 | 38,876,690 3.088  79.04 5.43 30,484,268 | 54,622 431.66 100 | 30,409,082  144.337
BC2876 67,644,992 539,906 0.044 2.69 1.75 65,930,596 2,796 23.18 98.8 65,926,618  148.439
BC2934 75,000,748 876,468 0.065 3.15 174 72,837,992 | 26,306 209.95 100 | 72,800,924 147.37
BC2989 66,424,834 362,066 0.028 1.62 3.24 63,923,150 9,336 47 100| 63,910,586 148.803
BC3015 42,603,532 1,132,576 0.088 5.02 0.8 41,137,140 3,232 26.17 97.54 41,132,864  145.834
BC3267 78,037,646 816,462 0.066 3.93 2.81 75,048,408 | 8,592 7014  99.563| 75,036,328 147.748
BC3343 58,363,984 | 12,710,970  1.029 45.73 917 41,466,972 | 20,210 164.01 100 41,438,942  146.748
BC3345 66,333,060 | 10,573,752 0.862 41.22 3.47 53,822,292 | 125,918 991.4 100 | 53,654,356  148.875
BC3876 79,548,714 151,170  0.012 0.56 0.61 78,914,314 | 13,960 109.66 99.9| 78,895,038 146.793
BC3895 72,157,126 | 1,832,636  0.146 8.59 6.03 66,080,668 | 14,048 116.5 100 66,061,256 149.241
BC3899 42,235,116 | 11,314,712  0.852 35.71 3.82 29,738,802 | 14,332 112.52 99.85 29,719,132 144.347
BC3903 50,908,242 | 4,590,572 0.37 19.52 6.08 43,500,472 | 15,920 125.7 100 | 43,476,990 144.355
BC3906 63,112,800 | 3,374,458 0.271 14.99 4.97 56,767,170 | 14,040 113.26 99.74 | 56,744,902 147.269
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Table S6. The upper section shows the number of reads assigned to each category: nuclear genome and mitochondrial genome of Table S7. Sex determination. For each sample, the number of high-quality reads aligned to the nuclear genome (NG) of G. pyrenaicus
G. pyrenaicus, Metazoa, Fungi, Viridiplantae, SAR, Other Eukaryota, Bacteria, Archaea, Viruses, and Unclassified. The lower section and the Y chromosome (Y) is presented, along with their corresponding mean depth of coverage, the ratio of the mean depth of
presents general statistics for each category, including the total reads across all samples, the weighted average number of reads (W. coverage, and the sex assignment based on this ratio.

AV.), the weighted standard deviation (W. STD), the coefficient of variation (CV), and the maximum (Max) and minimum (Min) values.

P idi : r Filtered NG Y:NG
Nuc. Gen. Mitogen. Metazoa . Viridip. Other . Archaea Viruses Unclassified Sample Y reads (n Y depth (X Sex

Sample ) ® ) Fungi (n) [ SAR (n) Euk. (n) Bacteria (n) o) [ 0 p NG reads (n) depth (X) (n) pth (X) (depth (X))
BC2042 47,582 2,308 11,386,360 152,456 1,279,728 112,452 767,206 5,531,050 32,992 56,914 47,028,172

BC2042 35,110 0.003 0 0 0.00 Female
BC2045 12,092,536 33,480 7,368,002 125,270 748,208 615,448 581,038 9,371,812 35,564 112,612 32,211,758

BC2045 11,993,118 0.963 940 0.583 0.61 Male
BC2280 17,004,552 19,986 6,803,802 128,752 1,271,068 101,730 468,240 8,516,742 35,456 68,600 43,099,274

BC2280 16,886,448 1.35 0 0 0.00 Female
BC2360 1,019,544 13,766 3,249,024 93,780 887,330 255,160 328,072 6,083,870 17,694 39,036 48,268,570

BC2360 1,010,720 0.083 72 0.045 0.54 Male
BC2378 12,598,510 47,040 4,008,048 105,616 671,704 112,566 237,352 5,161,276 19,656 49,252 39,966,452

BC2378 12,475,390 0.996 966 0.5695 0.60 Male
BC2381 220,114 6,014 8,007,674 123,458 1,168,840 85,100 603,556 19,229,912 40,614 140,172 31,402,654

BC2381 215,298 0.017 0 0 0.00 Female
BC2408 2,862,668 12,758 6,221,534 215,436 4,904,016 240,166 562,130 6,528,644 28,118 70,668 62,538,062

BC2408 2,830,224 0.226 234 0.143 0.63 Male
BC2416 2,382,304 7142 11,997,110 133,872 826,674 63,996 578,650 1,143,180 19,358 50,996 53,814,736

BC2416 2,359,328 0.189 174 0.106 0.56 Male
BC2765 6,056,388 21,416 3,436,000 87,898 505,294 241,068 244,502 3,639,160 15,826 34,936 42,029,714

BC2765 6,007,454 0.477 532 0.322 0.68 Male
BC2856 197,424 2,406 2,455,536 237,142 479,212 124,400 190,600 15,311,118 56,294 38,480 63,810,482

BC2856 192,954 0.015 0 0 0.00 Female
BC2865 38,876,690 54,522 3,739,544 67,502 548,808 224,042 199,768 2,159,598 9,988 17,322 25,212,774

BC2865 38,632,796 3.069 0 0 0.00 Female
BC2876 539,906 2,796 4,809,408 143,380 793,112 59,246 290,748 5,713,162 24,478 90,336 55,178,420

BC2876 525,316 0.043 44 0.028 0.65 Male
BC2934 876,468 26,306 4,635,914 153,568 2,430,842 78,558 341,590 15,869,432 32,852 65,126 50,490,092

BC2934 853,930 0.063 0 0 0.00 Female
BC2989 362,066 9,336 5,067,266 117,588 468,030 124,634 323,112 6,964,714 24,744 58,318 52,905,026

BC2989 356,290 0.028 0 0 0.00 Female
BC3015 1,132,576 3,232 1,690,652 67,396 326,720 29,978 115,858 5,048,092 14,816 47,350 34,126,862

BC3015 1,122,226 0.088 80 0.05 0.57 Male
BC3267 816,462 8,692 8,744,846 174,756 1,924,150 147,954 523,780 4,521,538 28,520 58,650 61,088,398

BC3267 807,100 0.065 68 0.042 0.65 Male
BC3343 12,710,970 20,210 7,086,344 93,298 1,064,534 162,156 445,496 1,760,368 15,150 35,708 34,969,750

BC3343 12,566,154 1.018 0 0 0.00 Female
BC3345 10,573,752 125,918 3,800,606 94,414 911,980 101,466 251,050 8,486,096 17,898 40,472 41,929,408

BC3345 10,507,858 0.857 794 0.499 0.58 Male
BC3876 151,170 13,960 3,150,152 195,606 847,106 40,914 210,978 13,285,070 41,080 71,598 61,541,080

BC3876 135,168 0.01 12 0.008 0.80 Male
BC3895 1,832,636 14,048 11,584,792 178,064 1,967,646 147,670 757,370 5,495,048 24,708 52,292 50,102,852

BC3895 1,817,618 0.145 180 0.112 0.77 Male
BC3899 11,314,712 14,332 2,378,334 58,734 249,776 84,530 127,714 4,095,378 11,540 18,812 23,881,254

BC3899 11,204,000 0.845 988 0.57 0.67 Male
BC3903 4,590,572 15,920 4,726,340 87,368 851,978 131,212 301,574 1,792,460 14,780 33,368 38,362,670

BC3903 4,547,826 0.367 356 0.222 0.60 Male
BC3906 3,374,458 14,040 6,672,180 132,576 853,952 289,888 447,300 4,235,558 24,280 51,786 47,016,782

BC3906 3,336,506 0.268 268 0.169 0.63 Male

Total 141,634,060 489,628 133,019,468 2,967,930 25,980,708 3,574,334 8,897,684 159,943,278 586,306 1,302,804 1,040,975,242
W. AV. 6079810.8  21320.0 5926054.9 135497.4 1216066.1 155459.0 397125.3 7241293.4  26650.2 576917 46662243.0

W. STD 8912663.7 25953.3  2924610.1 47440.2 1041102.6 118169.8  184494.7  4757682.3 11278.6 26614.6 11457279.2

CV (%) 146.6 121.7 49.4 35.0 85.6 76.0 46.5 65.7 42.3 46.1 24.6
Min 47582 2308 1690652 58734 249776 29978 115858 1143180 9988 17322 23881254
Max 38876690 125918 11997110 237142 4904016 615448 767206 19229912 56294 140172 63810482
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Table S8. Statistics of the final set of consensus sequences after quality filtering. The table shows the minimum, maximum, and
mean values for the following parameters: number of reads comprising the consensus sequence (n), depth of coverage (X), breadth of
coverage (%), consensus sequence length (bp), total percentage identity (%), query coverage (%), and e-value.

Statistics Reads (n) Dephtcov Breadthcov Lenght(pb) Total Pident Qcovs e-value
(X) (%) (%) (%)

Min 4 0.02 1.84 500 90.15 50 0

Max 55090 1717.29 100 16329 100 100 4.75e-57

Average 132.6 7.8 41.4 992.6 99.0 97.8 7.70e-61
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Table S9. Depth of coverage (X) values for each detected diet element.

906€09

€06€04

668€08

668€04

9.8€089

Sv€€08

€veedd

29¢€089

S10€04

686208

€624

928204

698204

968204

692208

oedg

801204

18€209

8.€2089

09€209

08¢cod

S10204

¢v0co9

Diet Element

0.37 0.39 129 070 246 148 18.26 15.02 0.61 120 1239 143 150 5.53

1.09 66.20 114

498 048 066 130 0.37

0.73

Trichoptera

083 120 016 0.85 398 0.85 174 122 282 040 196 181 079 090 299 559 076 043 13.001 0.00 253 071

16.88

Ephemeroptera

0.04 010 0.00 0.00 0.00 4.05 0.00 0.00 0.19 0.00 218 0.06 049 054 679 0.00 000 005 004 069 0.04 0.00

00

Plecoptera

0.40 011 000 0.00 024 0.00 000 000 0.00 303 0.00 000 0.00 000 000 0.00 000 0.00 000 0.00 0.00 0.00

0.00

Odonata

0.00 0.00 0.00 000 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 046 0.00 03 000 0.00 0.00 0.00

0.00

Megaloptera

212 032 0.00 0.33 0.37 132 000 0.06 053 0.05 0.00 0.24 0.78 121 408 0.20 0.43 0.15 1.52 816 0.00 0.00

0.08

Diptera

0.00 0.24 0.00 000 0.00 000 0.00 0.00 000 0.0 282 0.00 1.04 039 000 0.00 0.00 0.28 0.00 0.07 005 0.00

0.00

Hemiptera

0.00 0.00 012 004 014 034 000 009 007 043 0.00 027 086 028 000 0.00 000 0.00 0.056 0.00 098 0.56

0.07

Coleoptera

0.00 0.00 0.00 000 0.00 021 0.00 000 1314 094 0.00 0.00 0.16 0.00 0.00 0.00 000 0.00 000 0.00 032 0.84

0.00

Lepidoptera

0.00 0.00 0.00 000 0.00 000 000 128 000 0.00 048 000 000 000 094 153 0.00 0.00 000 0.00 015 0.00

0.00

Hymenoptera

0.04 0.00 000 0.00 000 0.00 000 000 0.00 060 005 000 0.00 000 000 0.00 000 0.00 051 000 0.00 0.04

0.00

Orthoptera

0.82 095 046 000 0.00 000 0.00 1021 1296 0.78 26.15 271 3382 733 000 0.35 0.32 112 1.36 194 160 1.54

2.58

Tricladida

0.44 0.00 000 025 0.00 000 0.00 000 0.00 000 000 085 000 0.00 199 0.00 0.00 061 034 000 0.00 0.00

114

Gordioida

0.00 0.00 0.00 000 0.00 0.00 000 0.00 000 0.00 000 000 000 000 0.00 000 0.00 0.00 000 0.00 000 045

0.00

Bivalvia

0.00 0.00 0.00 000 0.00 000 0.00 000 0.00 000 000 ©0.00 000 0.00 000 0.00 000 030 0.00 000 0.00 0.86

0.00

Gastropoda

0.00 0.00 0.00 000 0.00 000 000 0.00 015 0.00 000 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00 0.00

0.00

Oligochaeta

0.00 0.00 0.00 000 0.00 000 000 337 000 0.00 000 000 000 000 0.00 000 0.00 0.00 000 0.0 000 0.00

0.00

Isopoda

010 0.00 0.00 0.00 0.00 000 ©0.00 000 0.00 000 0.00 000 0.00 0.00 000 0.00 0.00 0.00 147 0.00 0.00 117

0.00

Araneae

0.00 0.00 0.00 0.00 0.00 0.00 1.63 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 0.00 000 0.00 000 0.00 0.00

0.00

Opiliones

0.00 0.00 0.00 000 0.00 096 000 0.00 000 200 087 02383 000 000 123 000 0.00 0.00 0.00 0.00 046 0.00

0.00

Salmoniformes

0.00 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00 121 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 0.00 0.00

0.00

Caudata
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Mitochondrial reads
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Figure S3. Depth of coverage across the complete mitogenome of the consensus sequence assigned to Salamandra salamandra in
the sample BC2876 (Max X (x-axis): reference sequence length).

173

XANNY



IX. ANNEX IX. ANNEX

(a) Bowtie 2 end-to-end - Combined database
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Figure S4. Comparison of depth of coverage across the reference genomes of Y. intermedia and Y. aleksiciae and the corresponding
depth of coverage barplots for sample BC3345. (a) Coverage across the reference genome of Y. intermedia in 4,000 windows and
(b) coverage barplot, in which 29,610 reads were assigned, resulting in a mean depth coverage of 0.90X and a breadth of coverage Figure S5. Identification of Yersinia species in 23 samples of Iberian desman using different approaches.
é of 37.85%. (c) Coverage across the reference genome of Y. aleksiciae and (d) coverage barplot, in which 20,016 reads were assigned, (a) Identification with a combined database for all species using Bowtie2 in end-to-end mode.
% resulting in a mean depth coverage of 0.66X and a breadth of coverage of 0.96%. In (a) and (c), windows with zero coverage are not (b) Identification with single-species databases using Bowtie2 in default local mode.
< plotted. Note the different coverage scales in (a) and (c). (c) Identification with single-species databases using BWA-aln with default parameters.
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Figure S6. Identification of 136 bacterial species in 23 samples of Iberian desman using a combined database. Species were
identified according to the percentage of the genome covered by mapped reads. Species with coverage greater than 3% are shown
in bold for clarity.
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Figure S7. Venn diagram comparing reads assigned to species of Aeromonas and the Escherichia coli-Shigella group in a single
sample, showing shared reads (intersections) and unique reads (non-intersecting areas) for each species.
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DISSEMINATION OF RESULTS

The results corresponding to the analysis of endogenous DNA, the global DNA composition,
and the pipeline for the analysis of diet and parasites were presented at the Society
for Molecular Biology and Evolution Meeting 2023, as detailed below. These results are
currently compiled into a manuscript titled "Methodological advances in the analysis of
the metagenome of Iberian desman feces: monitoring population genomics, ecology, and
health", authored by Roman Sapino, Angel Fernandez-Gonzalez, and José Castresana.

Romén Sapino, Lidia Escoda, Angel Fernéndez-Gonzélez and José Castresana.
Methodological advances in the analysis of the metagenome of Iberian desman feces.
Society for Molecular Biology and Evolution Meeting (SMBE23). July 23-27, 2023. Ferrara,
Italy. Format: Poster presentation.

The results related to the development of the bioinformatic pipeline for the identification
of pathogenic bacteria were submitted for publication to a peer-reviewed journal and
deposited in a digital repository:

Sapino, R., Fernandez-Gonzédlez, A., and Castresana, J. (2025). Development of
metagenomic methods for non-invasive health monitoring of endangered species:
Unveiling hidden microbial threats in fecal samples. BioRxiv.
https://doi.org/10.1101/2025.01.21.633432
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