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Preserving Darwin’s fox:
genomic tools for the
conservation of South America’s
most endangered canid
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2Smithsonian Conservation Biology Institute, Center for Species Survival, Washington, DC, United States,
3Institute for Biochemistry and Biology, University of Potsdam, Potsdam, Germany
Advances in high-throughput sequencing (HTS) have made it a powerful resource

for the conservation of threatened species, providing information at both population

and individual levels to inform management decisions. In South America, however,

the application of HTS in conservation has been limited, primarily due to challenges

in funding and access to advanced genomic equipment and analytical expertise.

Darwin’s fox (Lycalopex fulvipes), endemic to Chile’s Valdivian Temperate Rainforest,

is themost endangered canid in South Americawith a small and declining population

estimated at less than 1000 mature individuals. Despite its endangered status,

significant knowledge gaps remain. Here we highlight the potential of HTS to

address these challenges, such as clarifying its taxonomy, demographic history,

geographic distribution, population structure, genetic diversity, and pathogen

exposure. Integrating molecular data into conservation planning will be pivotal in

ensuring the long-term survival of Darwin’s fox by identifying priorities for targeted

management interventions, highlighting areas of critical habitat for conservation, and

guiding genetic rescue efforts to enhance genetic diversity and resilience.
KEYWORDS

conservation genomics, high-throughput sequencing, Lycalopex fulvipes, genetic
diversity, Chile
1 Introduction

The Chilean endemic Darwin’s fox (Lycalopex fulvipes) is the most endangered canid

in South America (Silva-Rodrıǵuez et al., 2016). This small, solitary, omnivorous species

is obligate to forest habitats and primarily confined to the dense understory of the

Valdivian Temperate Rainforest in southern Chile, which is recognized as a biodiversity

hotspot threatened by unsustainable commercial logging and large-scale deforestation

(Moreira-Arce et al., 2016). Darwin’s fox populations persist in native forest remnants

within the Nahuelbuta mountain range, where fewer than 100 mature individuals remain
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(Silva-Rodrıǵuez et al., 2016), on Chiloé Island, home to fewer than

500 mature individuals (Silva-Rodrıǵuez et al., 2018), as well as in the

Valdivian coastal range (Vilà et al., 2004; Farias et al., 2014), and

Gorbea (D’elıá et al., 2013) dominated by agricultural land and some

remaining native forest. These populations exhibit slight ecological,

behavioural and phenotypic differences. Mainland foxes primarily

inhabit dense forests and are predominantly nocturnal, while Chiloé

foxes are more habitat-flexible, exhibiting coastal foraging and more

diurnal activity. Additionally, Chiloé individuals are slightly smaller

on average (Sillero-Zubiri E by et al., 2004).

Additional unpublished sightings raise the question about the true

distribution and the existence of undiscovered populations. Beyond

habitat loss and human-induced disturbances, Darwin’s fox faces

significant threats from feral and free-ranging domestic dogs which

attack them (D’elıá et al., 2013), disrupt their behaviour (Jiménez, 2007),

and expose them to pathogens, posing the risk of disease spillover

(Acosta-Jamett et al., 2015; Hidalgo-Hermoso et al., 2020).

Until themid1990’s,Darwin’s foxwasconsideredasubspeciesof the

South American grey fox (Lycalopex griseus). However, the use of

mitochondrial DNA (mtDNA) markers led to its classification as a

distinct species (Yahnke et al., 1996), though further studies disagree on

its phylogenetic position within the genus Lycalopex (Tchaicka et al.,

2016; Chavez et al., 2022; Favarini et al., 2022).

Despite its Endangered status on the IUCN Red List of Threatened

Species (Silva-Rodrıǵuez et al., 2016) and in Chilean legislation (DS

151/2007 MINSEGPRES), there has been no comprehensive

assessment of population structure or consistent evaluation of

intraspecific variation, and genetic monitoring for the species

remains absent. However, studies have suggested that genetic

diversity among Darwin’s foxes on Chiloé Island is lower compared

to their mainland counterparts in Nahuelbuta (Yahnke et al., 1996; Vilà

et al., 2004; Cabello and Dávila, 2014; Chavez et al., 2022). Additionally,

Darwin’s fox exhibits extremely low genome-wide heterozygosity, with

a significant portion of its autosomal genome characterised by

extensive runs of homozygosity (ROH) (Chavez et al., 2022).

In September 2023, the “Plan for the Recovery, Conservation and

Management of Darwin’s fox” (Chiloé Silvestre, 2023) was submitted

to the Chilean Ministry of Environment. This recovery plan

underscores the importance of closing key knowledge gaps about

Darwin’s fox, which are critical for shaping effective conservation

management strategies and actions. Molecular data are expected to

play a pivotal role in their success, as genetic markers can provide

insights at the population or individual level that are otherwise

difficult to obtain. Some major knowledge gaps that still need to be

addressed include: (i) What is the phylogenetic position of Darwin’s

fox within the genus Lycalopex? (ii) What is the evolutionary and

phylogeographic history of the species? (iii) What is the current

distribution of Darwin’s foxes? (iv) To what extent are remnant

populations connected? (v) How extensive and widespread is

inbreeding? (vi) What pathogens are Darwin’s foxes exposed to?

While some of these questions can be answered using traditional

methods (e.g. camera trap surveillance, parasite egg counts from

faecal samples, non-invasive sample screening), many can only be

adequately addressed through molecular approaches, particularly

through high-throughput sequencing (HTS) techniques.
Frontiers in Conservation Science 02
Here we focus on how HTS approaches can help to address

critical, immediate, and conservation-relevant issues. Other topics

that can be studied using the same or similar techniques fall outside

the scope of this review.
2 Use of high-throughput sequencing
in defining strategies for Darwin’s fox
conservation management

The main HTS technologies are provided by Illumina, Pacific

BioScience (PacBio), and Oxford Nanopore Technologies (ONT).

Illumina platforms generate short, high-accuracy sequences

ranging from 50 to 300 base pairs (bp) in length, either as

single or paired-end reads. These sequences are applicable to a

wide range of experimental designs, from whole genome

sequencing (WGS) to metagenomics. In contrast, PacBio

platforms produce long reads with an average length of 20

kilobases (kb), which are advantageous for resolving complex

genomic regions and detecting structural variants. ONT can

produce even longer reads, with some kits capable of generating

sequences exceeding 50 kb, but has lower base-calling accuracy

compared with PacBio. Additionally, the portability of certain

ONT devices makes this technology suitable for field-based, on-

site sequencing.

Three main HTS approaches can be followed: sequencing of the

whole genome (whole-genome sequencing, WGS), sequencing only

parts of the genome (reduced representation approach, RRA), or

sequencing environmental or invertebrate-derived DNA

(eDNA/iDNA).
i. WGS (Table 1) provides complete genetic information of a

specimen and thus unravels its complete genetic landscape,

including genetic diversity, inbreeding levels, evolutionary

and demographic history, and even gene-environment

associations via whole genome bisulfite sequencing

(WGBS), which is useful to detect epigenetically modified

(methylated) sites. To date, only two Darwin’s foxes have

been sequenced through WGS (Chavez et al., 2022), and a

chromosome level assembly has not yet been generated.

ii. RRAs such as RNA sequencing (RNA-seq), Restriction Site

Associated DNA Sequencing (RAD-seq), Targeted

Capture and SNP Arrays (Table 1) retrieve sequence

information from a subset of the genome, utilising

methods designed to obtain/target specific regions of the

genome, which enables comparison amongst samples.

These methods allow the cost-effective study of genetic

diversity within and between populations.

iii. Environmental genomics (eDNA/iDNA) utilizes genetic

material shed by organisms into their surroundings, such as

water, soil, or air, or from blood consumed by invertebrates

(“invertebrate-derived DNA”) (Carvalho et al., 2022). These

methods enable non-invasive species detection, biodiversity

assessment, and population monitoring.
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TABLE 1 Brief summary of high-throughput sequencing techniques and their potential usage for conservation related analyses.
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Example cases

yes yes yes yes (Chavez et al., 2022) WGS
addressing taxonomy,
hybridization, genetic diversity,
and historical demography of
canids in South America.
(Hasselgren et al., 2021) WGS
to investigate the effect of
migration, inbreeding and
genetic load on juvenile
survival in arctic foxes.

yes yes yes no (von Holdt, 2022) RAD-seq to
quantify red wolf ancestry in
coyotes (hybridization),
determine population structure,
and genetic diversity.
(Arantes et al., 2020) RAD-seq
to study sea turtle
hybridization, develop a
hybrid-index and evaluate
reproductive output of hybrids.

no yes no yes (Harris et al., 2013) RNA-seq
for variant detection without a
reference genome, to identify
population structure and loci
under selection in white-footed
mice.
(Liu et al. 2017) RNA-seq to
detect adaptive evolution of
immune-related genes of
wolve´s blood transcriptome.
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Technique Advantages Disadvantages Sample type

P
h
yl
o
g
e
n
e
ti
cs

H
yb

ri
d
iz
at
io
n

Whole-Genome Sequencing
(WGS)
Encompasses the entire genome,
including coding and non-
coding regions, regulatory
sequences, repetitive elements,
and structural variation.

• Provides the highest
resolution for identifying
genetic variation and
population structure.
• Detects most types of variants
including rare and novel
mutations.
• Enables precise detection of
ROH for assessing inbreeding.
• Facilitates integration with
other omics data, e.g.
transcriptomics, epigenomics.

• High cost compared to
targeted or RRA methods,
especially for population-level
studies.
• Generates massive amounts of
data, requiring significant
computational resources for
storage, processing, and
analysis.
• Degraded DNA may result in
lower coverage or increased
error rates.

• Fresh tissue; provides high-
quality, high-quantity DNA.
• Non-invasive; e.g. hair with
roots, feathers with quill, faeces.
May contain contaminants that
use up sequencing real estate.
• Ancient and museum
samples; e.g. bones, teeth, skin,
and preserved tissue. Deeper
sequencing required.

yes yes

Restriction Site Associated
DNA Sequencing (RAD-seq)
Sequences regions adjacent to
restriction enzyme cutting sites,
reducing genome complexity.
Multiple variants exist,
differentiated by number and
use of restriction enzymes (e.g.
ddRAD, 3RAD).

• No reference genome needed,
making it suitable for non-
model organisms.
• Low cost per sample. Cost-
effective for large-scale studies
compared to whole-genome
sequencing.
• Resolution (i.e. SNP-density)
can be fine-tuned with choice
of restriction enzymes.

• Incomplete genome coverage
(SNP detection limited to
regions near restriction sites).
• Underestimates genetic
diversity.
• Restriction enzyme cut site
dependent.
• Susceptible to allele/locus
dropout, relevant for studies of
multiple taxa.

• Fresh tissue; provides high-
quality, high-quantity DNA.
• Non-invasive; e.g. hair with
roots, feathers with quill.
Works for low-to-medium
coverage RAD-seq.
• Hybridization and historical
demography analyses limited to
relatively recent events.

yes yes

RNA Sequencing (RNA-seq)
Sequences complementary DNA
(cDNA) synthesized from RNA,
providing data on transcribed
sequences and their abundance;
includes coding and non-
coding RNA.

• No reference genome needed,
benefits from annotated
assembly.
• Reveals gene expression,
functional variation, transcript
isoforms, mutations, and
regulatory elements.
• Provides detailed information
about gene expression patterns
specific to tissue/cell type
or ‘treatment’.

• Costly for low abundance
transcripts.
• Limited to transcribed
sequences.
• RNA is unstable and prone to
rapid degradation, making it
challenging for studies of rare
and elusive species.
• Tissue and situational
specificity does not represent
the whole organism
or population.

• Fresh tissue; provides high-
quality RNA from specific
tissues (e.g., blood, liver, brain).
Tissue must match the study’s
focus.
• Requires immediate
stabilization with RNAlater,
flash freezing in liquid nitrogen,
or storage at −80°C to prevent
RNA degradation.

yes yes
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TABLE 1 Continued
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Example cases

yes yes yes no yes (Förster et al., 2018) Cross-
species capture to generate
sequence data to design a SNP-
based monitoring tool for non-
invasively collected samples.
(Paijmans et al., 2020)
Reconstructed ancestral
sequences used to design
probes for capture of divergent
taxa without
available reference.

yes yes yes no no (vonHoldt et al., 2013)
Utilization of dog SNP array to
develop SNP-panel for species
identification and detection of
hybridization.
(vonHoldt et al., 2011) Uses
dog SNP array to study
evolutionary relationship
among wolf-like canids.

no no no no no (Seeber et al., 2019) Combines
eDNA with hybrid capture to
identify mammal species from
water samples in Namibia and
Tanzania.
(Amavet et al., 2023)
Utilization of eDNA from
water and soil samples for
indirect monitoring of maned
wolf’s distribution
in Argentina.
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Targeted Capture
Selectively enriches target region
(s). Short DNA/RNA probes
complementary to target regions
are used to hybridize with
target loci, while off-target DNA
is washed away.

• No reference genome
required. Probes can be
generated from RRA
approaches (e.g. RAD-seq loci)
or related taxa.
• Effective for degraded,
fragmented or contaminated
DNA.
• High consistency among
samples; sequence variation
does not lead to allele/
locus dropout.

• Generally requires a priori
knowledge of target loci for
probe design.
• Can be costly for small
projects (due to cost of probes).

• Fresh tissue; provides high-
quality, high-quantity DNA.
• Non-invasive; e.g. hair with
roots, feathers with quill, faeces.
• Ancient and museum
samples; e.g. bones, teeth, skin.
• Formalin fixed paraffin
embedded.
• eDNA/iDNA

yes

SNP Arrays
Detection of predefined SNPs by
hybridising DNA to a
microarray chip containing
allele-specific
oligonucleotide probes.

• High reproducibility and
consistency across samples and
studies.
• Arrays designed for model
species can be utilized for
studies of related non-model
taxa.
• Highly specific and cost
effective.
• No reference genome needed.

• Limited to predefined
variants, missing novel or rare
SNPs and structural variants.
• SNP selection for array design
requires a priori information.
• Severely degraded samples
may fail, resulting in allele/
locus dropout.

• Fresh tissue; provides high-
quality, high-quantity DNA.
• Non-invasive; e.g. hair with
roots, feathers with quill, faeces.

yes

Environmental DNA (eDNA),
Invertebrate DNA (iDNA)
Utilises DNA from environ-
mental sources (eDNA), or from
invertebrates (iDNA) that act as
“DNA collectors” from
vertebrates. Follows either a
metagenomics or
metabarcoding approach.

• Eliminates the need for direct
sampling of organisms, making
it ideal for endangered or
elusive species.
• Potentially detects all species
in the DNA pool from the
extracted sample, enabling
ecosystem-wide monitoring.
• Low cost for surveillance
compared to non-HTS methods
(e.g. camera trapping).

• DNA is often degraded and
present in small amounts.
• Risk of contamination during
collection and processing.
• Relies on reference databases,
which may be incomplete for
non-model species.
• Provides less detailed genetic
information than
direct sampling.

• Environmental; e.g. water,
soil, sediment, surfaces.
Requires DNA extraction
tailored to inhibitors (e.g.
humic acids for soil/sediment).
• Invertebrate derived; e.g.
leeches, mosquitoes, ticks. May
require pooling of samples from
a locality to obtain
sufficient material.

yes
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3 Taxonomic uncertainty

Poor taxonomic assessment can lead to species misidentification,

misallocation of resources, and ineffective protection measures,

ultimately hindering conservation efforts (Morrison WR et al., 2009).

While the species status of Darwin’s fox is undisputed, its precise

phylogenetic placement within the genus Lycalopex remains

unresolved. The rapid divergence of Lycalopex taxa began 1.3 million

years ago (Mya), and started between 0.7 and 0.27 Mya for Darwin’s

fox (Yahnke et al., 1996; Perini et al., 2010; Tchaicka et al., 2016;

Favarini et al., 2022), complicating phylogenetic reconstruction. This is

primarily due to the retention of ancestral polymorphisms (i.e.

incomplete lineage sorting) and hybridization among various

Lycalopex species (Tchaicka et al., 2016; Chavez et al., 2022; Pizarro

et al., 2023; Garcez et al., 2024). Recent studies examining taxonomic

relationships within the Lycalopex genus using various genetic markers

(Yahnke et al., 1996; Vilà et al., 2004; Perini et al., 2010; Tchaicka et al.,

2016; Chemisquy et al., 2019; Favarini et al., 2022), and whole genomes

(Chavez et al., 2022) disagree on species relationships within

Lycalopex (Figure 1).

Darwin’s fox is sympatric with two other Lycalopex species (L.

culpaeus and L. griseus) in parts of its range, but it remains unknown

whether hybridization occurs among these taxa. From a conservation

perspective, hybridization can be a double-edged sword: it may

threaten endangered species by diluting their gene pool (genetic

swamping) or, conversely, increase genetic diversity and adaptability,

thereby enhancing resilience (Howard-McCombe et al., 2023).

Developing diagnostic markers for species identification is essential

for detecting hybridization, distinguishing species, and guiding

conservation strategies. Resolving the Lycalopex species tree using

genome-wide data is an important step towards this goal.

WGS is likely the most effective method for reconstructing the

Lycalopex species tree, as it enables a comprehensive evaluation of

phylogenetic incongruences by sampling across both coding and non-

coding regions, detecting rare variants, and (potentially) incorporating

structural variants in analyses (Rakotoarivelo et al., 2024). RRA

approaches, such as RNA-seq (Tomasco I et al., 2022) or RAD-seq

(Andrews et al., 2016) are viable alternatives, especially under financial

constraints, enabling greater sample sizes at lower cost. However, these

methods have lower resolution and may suffer from locus or allele

dropout in interspecific studies (Andrews et al., 2016).

Broad sampling across the full geographic distribution of all

Lycalopex species is advisable, as introgression may be geographically

localized or restricted to specific lineages. Ideally, samples with

uncertain provenance or heritage, such as those from zoos, should be

avoided to prevent confounding results.
4 Uncertain distribution, abundance
and connectivity

The extent of Darwin’s fox geographic distribution is unknown

(Figure 1), as are population numbers, their sizes, and potential

connectivity among populations, rendering effective conservation

measures difficult. Underestimating the species’ range risks neglecting
Frontiers in Conservation Science 05
populations that could serve as critical genetic reservoirs, leading to a

loss of genetic diversity. Maintaining that diversity, however, is essential

for the species’ adaptive potential and long-term survival. The oldest

documented and the most thoroughly studied population, first

recorded by Darwin in 1840, is located on Chiloé Island, which

represents the southernmost edge of the known distribution range of

the species. The northernmost population resides in the Nahuelbuta

area (Medel et al., 1990). Among the other known or suspected

mainland populations, only the one in the Valdivian Coastal Range

has been confirmed using camera traps (Farias et al., 2014). The

existence of a population living at Punta Chanchán is based on a L.

fulvipes-like mtDNA control region, sequenced from a skin stored in a

nearby household (Vilà et al., 2004), while a population in Gorbea is

suggested by the identification of a L. fulvipes-like mtDNA haplotype

from a fox apparently killed during a dog attack (D’elıá et al., 2013).

Additional populations may exist based on observations near the

Maullıń River and north of Lake Llanquihue (Silva-Rodrıǵuez et al.,

2016). Along the coastal mountain range, suitable forest habitat exists,

but camera trapping efforts to verify Darwin’s fox presence have not yet

been successful (Silva-Rodrıǵuez et al., 2018).

Detecting and surveying an elusive species in dense rainforests

using traditional methods can be costly, logistically challenging and

time-intensive. Non-invasive approaches, such as use of eDNA (Beng

and Corlett, 2020) and iDNA (Abrams et al., 2019), offer informative,

time- and cost-effective alternative or complementary strategies to

detect species presence in a given area. In the absence of

observational or population genetic data, this can also provide

evidence of population connectivity, which is crucial for guiding

conservation strategies aimed at preserving or restoring habitat

corridors to prevent genetic isolation. Furthermore, advancements in

eDNA/iDNA methods are expected to provide insights beyond

taxonomic identification, including estimates of species abundance,

allele or haplotype frequencies, and eventually individual-level data

(Andres et al., 2023). Additionally, these techniques can also help

monitor other species, including invasive competitors such as domestic

dogs or the American mink.

Promising areas for eDNA/iDNA surveillance include regions

predicted as suitable habitat by niche modelling (Escobar et al., 2018;

Molina et al., 2018), such as the mainland east of Chiloé Island and the

islands of Guafo and Guamblin, alongside areas already under camera

trap surveillance. However, successful implementation of eDNA/iDNA

will require robust, species-specific diagnostic markers that can

distinguish L. fulvipes from sympatric Lycalopex species and potential

hybrids. These markers should be validated through genomic and

mitochondrial comparisons to ensure accurate identification (Beng and

Corlett, 2020).
5 Genetic diversity and
population structure

Surveying Darwin’s foxes’ intraspecific genetic variation is essential

for evaluating population structure, genetic differentiation, isolation

times, and detecting bottlenecks or signs of genomic erosion. It helps

determine whether geographical distances or barriers contribute to
frontiersin.org
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genetic divergence among populations. Preserving remaining genetic

diversity is critical, as signs of inbreeding are already present in

Darwin’s foxes (Chavez et al., 2022). The combined effects of

inbreeding and genetic drift can drive small populations into an

“extinction vortex”, where accelerated genetic diversity loss

compromises adaptive potential (Stange et al., 2021).

Early research on Darwin’s fox genetic variability focused on

mtDNA control-region sequences, revealing that foxes on Chiloé

Island shared the same haplotype, while mainland foxes had distinct

haplotypes, suggesting differentiation between these populations

(Yahnke et al., 1996; Vilà et al., 2004; D’elıá et al., 2013).
Frontiers in Conservation Science 06
Microsatellite markers also revealed low variability compared to

other canids, with only 2 to 4 alleles per locus and observed

heterozygosity ranging from 0.041 to 0.608 in Chiloé Island foxes,

underscoring the limited genetic diversity in this population (Cabello

and Dávila, 2014). The only WGS study including Darwin’s foxes

revealed extensive runs of homozygosity across a high proportion of

the genome, and a demographic decline in both regions sampled. Of

particular note was that the Nahuelbuta fox had long ROH (>10 Mb)

spanning 5% of the genome, and that the Chiloé fox had medium-

length ROH (1-10 Mb) spanning 37% of the genome. Heterozygosity

levels were also very low, averaging 0.680 SNPs per kb in Nahuelbuta
FIGURE 1

Overview of conservation related topics to be addressed using high-throughput sequencing. (A) Darwin’s fox (B) Habitat in Nahuelbuta. (C) Phylogenetic
relationships reconstructed in previous studies (i: Chavez et al., 2022; ii: Favarini et al., 2022; iii: Tchaicka et al., 2016). (D) Distribution according to
Silva-Rodrıǵuez et al. (2016); known distribution and possible distribution indicated. Nh, Nahuelbuta; Ch, Chiloé; Gb, Gorbea; Ma, Maullıń; Ll, Llanquihue;
Va, Valdivia; *, proposed survey areas. (E) Genetic diversity measured as heterozygosity across genomes (SNPs/Mb). (A) Copyright Thomas Kramer Hepp,
Fundación Alerce 3000 (thomaskramerhepp@gmail.com), used with permission. (B) Copyright Cristóbal Valenzuela-Turner.
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and 0.333 SNPs per kb in Chiloé (Figure 1), which is among the lowest

values in South American canids (Chavez et al., 2022).

Although these pioneering studies have provided valuable insights,

their limited sample and/ormarker numbers limit the generalizability of

the findings regarding genetic variability. Future research should aim

for broader sampling across and within populations to better capture

intraspecific variation. WGS offers the most comprehensive data on

genetic diversity (e.g. SNPs, indels, runs of homozygosity, and structural

variants), enabling detailed analyses of population structure,

demography, connectivity, kinship, divergence times, and more

(Cockerill et al., 2022). Reduced representation approaches, like

RAD-seq, offer a cost-effective, high-throughput option for genetic

diversity and population structure assessment, but may have lower

resolution in highly inbred species such as Darwin’s fox (Escoda et al.,

2022). SNP arrays are also cost-effective, though they can miss rare

SNPs and structural variants unless specifically targeted (Balagué-

Dobón et al., 2022). Such arrays are available for canids (Cairns et al.,

2018). RNA-seq can provide insight into functional differences between

individuals and populations, which is relevant for the allocation of

conservation resources. However, the tissue-specific nature of RNA-seq

poses a challenge and may not capture the neutral variation necessary

for some genetic analyses (Perry et al., 2012).

An important factor in selecting a HTS approach is its ability to

assess genetic load, which is vital for understanding inbreeding

depression and the population dynamics of deleterious alleles. Genetic

load arises from the accumulation of harmful variants that reduce fitness

by increasing expression of recessive deleterious alleles and potentially

fixing them through genetic drift; expression of these harmful variants

can negatively affect health, adaptability, and reproduction (Robinson

et al., 2023). Studies on the Iberian lynx (Kleinman-Ruiz et al., 2022),

Arctic fox (Cockerill et al., 2022), and Isle Royale wolves (Robinson

et al., 2019) underscore the importance of accounting for genetic load in

conservation efforts. WGS is likely the most effective approach for

identifying potentially deleterious variants across the genome.
6 Pathogen community and adaptive
immune system

Diseases are an important, yet often underestimated factor

influencing species demography, particularly when new pathogens

are introduced into naive populations. Dogs roaming close to and

within protected areas of Darwin’s fox distribution range,

unvaccinated and untreated for parasites (Silva-Rodrıǵuez et al.,

2018), can be a source of disease transmission, potentially having

devastating effects (Cleaveland et al., 2007).

Several bacterial pathogens have been detected in Darwin’s foxes,

including Toxoplasma gondii, Leptospira sp., Mycoplasma haemocanis

(Hidalgo-Hermoso et al., 2022) and Mycoplasma haematoparvum (Di

Cataldo et al., 2020). RNA-seq revealed higher genetic diversity of M.

haematoparvum in foxes than in dogs, suggesting transmission among

foxes. Viral diseases, such as canine distemper virus (CDV) and

parvovirus (CPV), present in dogs near Nahuelbuta, also pose

significant risks due to the foxes’ lack of immunity (Acosta-Jamett

et al., 2015; Hidalgo-Hermoso et al., 2022). On Chiloé Island,

gammaherpesvirus is prevalent in foxes but has not shown
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pathogenic effects to date (Cabello et al., 2013). Gastrointestinal

parasites, including trematodes, cestodes, nematodes, and protozoa,

are prevalent in foxes from Chiloé and Nahuelbuta and are often

shared with domestic species, suggesting possible cross-species

transmission (Acosta-Jamett et al., 2018).

HTS is revolutionising pathogen detection by enabling broad-

spectrum analysis, integrating data from hosts, vectors, and

environmental samples to provide a comprehensive understanding of

pathogen transmission (Bass et al., 2023). Non-invasive sampling

techniques, such as the use of faecal samples, eDNA, and iDNA are

becoming ubiquitous for pathogen detection and surveillance in

wildlife (Bass et al., 2023). While unbiased metagenomic deep

sequencing provides a comprehensive view of microbial

communities, it can be cost-prohibitive. More affordable alternatives,

such as metabarcoding (PCR-based) and targeted capture (RNA/

DNA-probes), allow for extensive multiplexing but require prior

knowledge to design primers or probes, such as 16S rRNA for

bacterial studies (Blanchong et al., 2016). Characterising viral

communities is more complex due to a lack of conserved markers,

though resources for targeting viral sequences exist (e.g. Virochip

microarray (Wang et al., 2002), with RNA viruses requiring

additional laboratory steps (Bass et al., 2023). Direct sampling from

living or deceased animals may be necessary to diagnose tissue-specific

bacterial (Kim et al., 2023) and viral (Van Borm et al., 2015) pathogens

of conservation concern, such as rabies, CDV, CPV, and intracellular

parasites. RNA-seq of tissue samples can also provide insights into the

host’s immune response to pathogens (Michel et al., 2021).

Genomic regions like the Major Histocompatibility Complex

(MHC), or Dog Leukocyte Antigen (DLA) in canids, are essential

for adaptive immunity and pathogen response (Yuhki et al., 2007).

Reduced diversity at these loci can increase susceptibility to disease,

while introgressive hybridization with other canids may enhance

variation and resilience to pathogens. The uncharacterized diversity

of DLA genes in Darwin’s foxes raises uncertainty about whether

populations exhibit reduced variation at these loci, which is

detrimental for developing strategies to maintain functional

diversity and enhance the species’ resilience to disease (Sommer,

2005). Long-read sequencing can resolve these complex genomic

regions with structural rearrangements and duplications, which

short-read methods struggle to resolve (Plasil et al., 2022).
7 Discussion and future perspectives

High-throughput sequencing has emerged as an increasingly

valuable tool for conservationists, gaining prominence in wildlife

management due to its enhanced accessibility and effectiveness. It

generates highly informative data that can support critical decision-

making, as evidenced by efforts to conserve species on the brink of

extinction, such as the Iberian lynx (Kleinman-Ruiz et al., 2019),

Tasmanian devil (Wright et al., 2020), Montane red foxes (Quinn

et al., 2024), Black-footed ferret (Wisely et al., 2015), Florida panther

(Onorato et al., 2024), and Cuvier’s gazelle (Alvarez-Estape et al., 2022).

Despite South America’s rich endemic biodiversity and its urgent needs

for conservation measures, the application of genomics in conservation

within the region remains limited. This is largely attributable to
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challenges in securing funding, alongside restricted access to specialised

professionals and laboratory infrastructure (Napolitano et al., 2024). In

Chile, conservation genomics is still a novelty, thus the allocation of

limited resources must be strategically prioritised for key species such

as Darwin’s fox. Above we have detailed HTS approaches that could

help to address important, immediate, and conservation relevant issues.

These efforts would generate essential baseline data on Darwin’s fox

distribution, abundance, genetic diversity, number of distinct genetic

lineages and population health. Such data would establish a foundation

for the development of species-specific genetic markers, long-term

genetic monitoring, and the design of targeted management strategies.

Molecular data from HTS can guide targeted management

interventions to mitigate threats and prioritize conservation actions

by providing information about population connectivity (i.e. gene

flow), highlighting critical areas for conservation, identifying at-risk

populations that are genetically impoverished, designating potential

source populations for translocations/reintroductions, and providing a

genetic basis to define conservation management units. Implementing

genetic rescue strategies, such as breeding programs and translocations

(Wright et al., 2020) may be necessary to mitigate inbreeding

depression and prevent local extinction. However, without robust

genetic data, these efforts may be counterproductive, potentially

leading to outbreeding depression, despite the well-intentioned effort

(Bell et al., 2019). In addition, biobanking gametes would ensure the

preservation of genetic lineages and safeguard germplasm for future

breeding and population recovery efforts (Comizzoli, 2017).

The integration of genomic data into conservation decision-making

is indispensable in shaping effective conservation policies, allocation of

resources and designing management plans, like the one proposed to

Chilean authorities by the N.G.O. Chiloé Silvestre (2023). Collaborative

initiatives, such as the ongoing 1000 Genomes Project Chile (https://

1000genomas.cl/), aim to sequence the genomes of endemic species

and create a comprehensive genomic database to support their

conservation. This effort leverages community and institutional

networks, opening avenues for further research in areas such as

assembling reference genomes, hologenomics, epigenetics,

transcriptomics, and adaptation. The benefit of sequencing

Darwin’s foxes’ genomes extends to the study of the whole genus

Lycalopex, by helping to resolve its evolutionary history, the history

of their dispersal across South America, identify local adaptive

variation and measure current degrees of hybridization.

Finally, as a flagship species for the Valdivian Temperate

Rainforest, efforts to protect Darwin’s foxes would also contribute to

the conservation of the whole biodiversity of this unique ecosystem,

which harbours many threatened and emblematic species, such as the

Pudu (Pudu puda), Southern River Otter (Lontra provocax), Darwin’s

frog (Rhinoderma darwinii), Monito del monte (Dromiciops gliroides),

Alerce tree (Fitzroya cupressoides) and the Long-nosed shrew opossum

(Rhyncholestes raphanurus).
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Robovský, J., et al. (2024). Complex patterns of gene flow and convergence in the
evolutionary history of the spiral-horned antelopes (Tragelaphini). Mol. Phylogenet
Evol. 198, 108131. doi: 10.1016/j.ympev.2024.108131

Robinson, J., Kyriazis, C. C., Yuan, S. C., and Lohmueller, K. E. (2023). Deleterious
variation in natural populations and implications for conservation genetics. Annu. Rev.
Anim. Biosci. 11, 93–114. doi: 10.1146/annurev-animal-080522-093311

Robinson, J. A., Räikkönen, J., Vucetich, L. M., Vucetich, J. A., Peterson, R. O.,
Lohmueller, K. E., et al. (2019). Genomic signatures of extensive inbreeding in Isle
Royale wolves, a population on the threshold of extinction. Sci. Adv. 5, eaau0757.
doi: 10.1126/sciadv.aau0757

Seeber, P. A., McEwen, G. K., Löber, U., Förster, D. W., East, M. L., Melzheimer, J.,
et al. (2019). Terrestrial mammal surveillance using hybridization capture of
environmental DNA from African waterholes. Mol. Ecol. Resour 19, 1486–1496.
doi: 10.1111/1755-0998.13069

Sillero-Zubiri E. by, C., Hoffmann, M., and Macdonald, D. W. (2004). Canids: Foxes,
Wolves, Jackals and Dogs. C Sillero-Zubiri, M Hoffmann and DW Macdonald. (IUCN,
Gland, Switzerland and Cambridge, UK).
Frontiers in Conservation Science 10
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